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This  report  summarizes  the  work  done  on  several  experimental  com* 
ponents  and  theoretical  topics,  all  concerned  with  the  problem  of  sup¬ 
pressing  spurious  frequency  emissions  from  high-power  transmitters. 

New  and  improved  waffle-iron  filters  are  described.  A  substantial 
improvement  is  obtained  in  the  pass-band  VSWH,  the  bandwidth,  and  the 
power-handling  capacity. 

Experimental  data  on  the  performance  of  a  high-power,  low-pass, 
coaxial  leaky-wave  filter  are  reported.  The  filter  is  absorptive  rather 
than  reflective  in  the  stop-band,  which  exceeds  A  octaves. 

The  attenuation  constant  of  a  waveguide  leaky-wave  filter  structure 
is  solved  for  analytically  over  a  two-to-one  frequency  range.  The  solutions 
show  the  dependence  of  the  attenuation  constant  on  the  various  design  param¬ 
eters  of  the  f i Iter. 

Several  0-db  and  3-db  couplers  were  tested  as  harmonic  pads.  The  best 
results  were  obtained  with  the  short-slot  sidewall  coupler. 

A  new  band-stop  filter  design  technique  for  suppressing  harmonic  fre¬ 
quencies  is  described.  A  strip-line  version  was  constructed,  and  measure¬ 
ments  on  it  bore  out  the  theory. 

The  relationship  between  attenuation  and  time  delay  of  filters  is 
investigated  analytically,  and  several  useful  formulas  are  given. 

The  transient  responses  of  four  different  types  of  filters  (both  with 
and  without  dissipation  loss)  to  rectangular  and  sine-squared  pulses  of 
different  lengths  are  presented. 

Thin-film  bolometers  were  investigated  and  found  to  be  capable  of 
measuring  power  over  a  wide  frequency  range  without  regard  to  mode. 
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INTRODUCTION 


The  research  described  in  this  report  covers  several  aspects  of  the 
fight  to  suppress  the  emission  of  spurious  energy  from  high-power  trans¬ 
mitters:  waffle-iron  filters  to  provide  high  reactive  attenuation; 

harmonic  pads  to  protect  the  transmitter  and  prevent  arcing  from  harmonic 
resonances;  leaky-wave  filters  to  provide  high  dissipative  attenuation; 
band-stop  filters  to  provide  high  attenuation  at  particular  frequencies; 
and  wide-band  bolometers  to  measure  the  combined  power  of  many  harmonic 
frequencies.  The  analytical  investigation  included  the  effect  of  filter 
bandwidth  and  filter  type  on  the  attenuation  and  group  delay,  and  on  the 
transient  response  to  both  rectangular  and  shaped  pulses. 


The  work  on  the  waffle-iron  filter  (Sec.  II)  has  produced  a  number  of 
very  successful  designs,  which  represent  a  considerable  improvement  on  the 
earlier  versions.  Improvements  were  obtained  in  the  pass-band  width  and 
in  the  power- hand  1 ing  capacity. 

Performance  data  of  a  high-power,  Is/*- inch,  low-pass,  coaxial  leaky- 
wave  filter  are  presented  in  Sec.  III.  A  ls/*-inch,  coaxial  leaky-wave 
filter  was  constructed  and  its  attenuation  and  mismatch  loss  were  measured 
for  an  incident  TEM  wave  from  1  to  10  Gc.  Also,  the  attenuation  and  mis¬ 
match  loss  were  determined  for  the  next -higher-order  propagating  mode,  the 
TE,!  mode.  High-power  tests  were  conducted  to  determine  the  peak  power 
capacity  of  the  filter.  Methods  for  improving  the  attenuation  rate  of  the 
leaky-wave  filter  about  its  cutoff  frequency,  and  also  for  increasing  the 
attenuation  of  the  TEjj  mode  of  a  particular  polarization  are  discussed. 

Leaky-wave  absorption  filters  have  been  found  advantageous  for  the 
suppression  of  spurious  energy  of  high-power  transmitters.  However,  al¬ 
though  there  are  experimental  data  on  the  properties  of  several  specially 
constructed  leaky-wave  filters,  there  are  apparently  few  data  relating  the 
effect  upon  filter  attenuation  of  varying  one  or  more  of  the  possible  de¬ 
sign  parameters.  In  Sec.  IV,  a  filter  structure  that  retains  the  basic 
geometry  of  waveguide  leaky-wave  filters  is  analyzed  theoretically  over  s 
finite  frequency  range.  The  complex  propagation  constant  for  the  least- 
attenuated  leaky-wave  mode  was  obtained  by  reducing  the  fundamental  integral 
equation  to  a  transverse  resonance  equation  and  solving  the  reduced  equation. 
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The  attenuation  constant  of  the  least-attenuated  mode  was  obtained  for 
values  of  2a/\  the  ratio  of  waveguide  width  to  one-half  the  free- 

space  wavelength)  ranging  from  0  to  2.  Its  dependence  on  various  design 
parameters  of  leaky-wave  filters,  such  as  main  waveguide  height,  spacing 
of  the  coupling  slots,  width  of  coupling  slots,  and  height  of  the  absorbing 
waveguides,  is  presented.  Good  correspondence  between  theoretically  com¬ 
puted  curves  and  experimental  data  was  obtained. 

Work  on  harmonic  pads,  using  directional  couplers  with  0*db  coupling 
at  the  fundamental  frequency,  is  still  at  an  early  stage.  Several  branch 
guide  couplers  have  been  constructed  and  tested,  and  commercial,  3-db, 
sidewall  couplers  have  been  purchased  and  tested.  Early  results,  as  ex¬ 
plained  in  Sec.  V,  are  promising,  and  point  to  possible  further  improvements. 

The  most  troublesome  spurious  frequencies  are  often  harmonics  of  the 
carrier  frequency.  Such  undesired  radiation  can  be  very  effectively  sup¬ 
pressed  by  means  of  band-stop  filters  designed  to  strongly  reject  narrow 
frequency  bands.  This  problem  was  considered  (Sec.  VI)  with  the  added 
stipulation  that  the  filter  be  very  well-matched  in  the  pass  band,  and  a 
relatively  new  design  technique  was  used  to  solve  this  problem. 

The  connection  between  attenuation  and  group  delay  in  the  pass  band 
of  t ransmission- 1 ine  and  1 utnped -consta nt  filters  has  been  investigated 
(Sec.  VII).  If  the  group  delay  varies  with  frequency  in  the  pass-band  of 
narrow-band  filters,  the  input  signal  emerges  distorted  at  the  output. 

Hence  it  is  important  to  maintain  fairlv  constant  group  delay  in  such 
f i  Iters. 

The  transient  responses  to  rectangular  and  s ine -squared  pulses  of  four 
types  of  filters  are  presented  in  Sec.  VIII.  The  four  types  of  filters  are 
the  equal-ripple  filter,  the  maximally  flat  filter,  the  maximally  flat  time- 
delay  filter,  and  the  equa l -element  filter.  The  cases  of  the  filters  having 
three-  and  six- resonators  are  considered.  All  filters  have  the  same  band¬ 
width,  measured  to  the  points  of  30-dl>  attenuation,  which  is  well  within  the 
the  stop-band.  The  effect  of  varying  the  filter  bandwidth  relative  to  the 
pu lse-spec trum  is  shown.  The  effect  of  dissipation  loss  is  also  demonstrated 
for  the  usual  situation  in  microwave  filters  where  all  of  the  resonators  have 
the  same  unloaded  Q. 

The  useful  power  that  a  transmitter  generates  is  ordinarily  confined 
to  a  narrow  frequency  range,  whereas  the  spurious  emissions  usually  cover 
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an  extremely  vide  frequency  range.  Adequate  power -measuring  equipment 
ia  uaually  available  to  meaaure  the  useful  transmitter  power,  but  little 
equipment  has  been  developed  to  monitor  the  wide-band  spurious  emission. 
Yet  it  is  important  to  keep  the  level  of  the  latter  low,  just  as  it  is 
important  to  raise  the  transmitter  power.  Thin-film  bolometers  appear 
to  have  desirable  characteristics  for  monitoring  the  spurious  power  out¬ 
put  and  a  number  of  these  devices  were  investigated  (Sec.  IX). 
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II  WAFFLE -I*OH  FILTOS* 

A.  GENERAL  DESCRIPTION  AND  HISTORY 

A  waffle-iron  filter  ia  a  waveguide  low-pass  filter  with  a  wide 
stop-band,  in  which  there  are  no  spurious  pass-bands  such  as  usually 
arise  with  other  types  of  waveguide  filters  in  which  higher-order  modes 
may  propagate.  It  is  a  passive,  reciprocal  (ideally)  lossless  filter 
in  which  attenuation  is  caused  only  by  reflection  above  the  cutoff  fre¬ 
quency.  This  form  of  filter  is  compact,  with  a  low  VSWR  and  generally 
negligible  loss  in  the  pass-band,  and  with  a  high  attenuation  per  unit 
length  in  the  stop-band. 

The  waffle-iron  filter  was  invented  by  S.  B.  Cohn,  and  has  been 
developed  progressively  at  Stanford  Research  Institute.1*9*  The  filter 
was  first  described  by  ft.  VI.  Schiffman  in  a  1 0 S 7  SRI  Report.1  All  the 
filters  described  previously1*  were  modeled  closely  on  the  original 
designs  of  Cohn  and  Schiffman. 

A  new  generation  of  waffle-iron  filters  has  recently  been  investi¬ 
gated,  baaed  on  a  suggestion  by  Young.  7  These  new  types  have  a  wide 
pass-band,  as  well  as  a  wide  stop-band,  and  handle  several  times  the 
peak  power  handled  by  the  earlier  filters.  The  new  filters  typically 
have  a  VSWR  leas  than  1.15  over  almost  the  entire  {.-hand;  they  have  the 
same  stop-band  attenuation  and  frequency  limits  as  the  previously  men¬ 
tioned  filter;  when  four  filters  were  paralleled  in  a  single  compact 
design,  it  had  a  peak  power  handling  capacity  of  over  five  times  (hat 
of  the  earlier  version.1 

B.  SUMMARY  OF  DESIGN  PRINCIPLES 

The  waffle-iron  filter  is  based  on  the  wideband  corrugated 
rectangular-waveguide  filter  with  a  uniform  f-plane  cross  section,  which 
has  been  treated  by  Cohn. *u  The  analysis  takes  into  account  the  fring¬ 
ing  fields  at  the  two  ends  of  each  h igh- impedance  region.  To  facilitate 
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SOURCEt  Quarterly  Progress  Report  2,  Contract  AF  30(602  )-2734,  SRI 
(See  Ref.  43  by  L.  Young) 


FIG.  11*1  EXPLODED  VIEW  OF  WAFFLE-IRON  FILTER  WITH  ROUND  TEETH 
AND  HALF-INDUCTANCES  AT  THE  ENDS 


the  explanation,  picture  the  filter  lying  with  its  broad  wall  horizontal, 
as  ahown  in  Fig.  II-l.  In  the  frequency  band  of  interest  the  fringing 
fields  are  of  two  Main  types.  First,  there  are  essentially  vertical 
lines  of  force,  bridging  the  gap  between  two  opposite  teeth  (one  ver¬ 
tically  above  the  other);  these  fields  forM  the  shunt  capacitances  of 
the  low*pass  filter,  storing  electric  energy.  SiMilarly,  there  is  a 
series* inductance  effect  due  to  Magnetic  energy  stored  between  (hori* 
zontally)  neighboring  teeth.  The  product  of  the  shunt  capacitance  and 
series  inductance  deterMine  the  filter  cutoff  frequency.  Second,  there 
are  electric  lines  of  force  that  are  essentially  horizontal,  bridging 
the  gap  between  two  neighboring  teeth  set  in  the  sane  block  (Fig.  11*1); 
these  electric  fields  result  in  a  bridging  capacitance  across  the  series 
inductance,  forMing  a  parallel  resonant  circuit  that  causes  infinite 
attenuation  (theoretically)  at  so we  frequency.  This  inf ini te*attenuat ion 
frequency  is  above  the  cutoff  frequency  of  the  filter  because  the  filter 
structure  is  designed  so  that  the  fields  between  neighboring  teeth  are 
weaker  than  the  fields  between  opposite  teeth. 
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C.  DESIGN  OF  FILTERS  WITH  VERY  WIDE  PASS-BANDS 


The  improved  matching  of  the  new  filter  in  the  pass-band  may  be 
readily  understood  qualitatively  by  reference  to  Figs.  1 1 - 2  and  11*3. 
The  low-frequency  approximation  to  a  waffle-iron  filter  is  the  L-C  cir¬ 
cuit  shown  in  Fig.  II-2,  with  the  capacitances  shown  approximating  the 
gaps  between  opposite  teeth,  and  the  inductances  approximating  the 
longitudinal  or  transverse  slots.  For  clarity  the  (smaller)  bridging 
capacitances  across  the  inductances  (mentioned  in  Part  B)  have  been 
omitted  in  Fig.  1 1 - 2 .  Such  a  filter  consists  of  a  number  of  identical 
sections  whose  image  impedances  match  (on  the  image- impedance  basis) 
sec t ion- to-sec t ion.  15  The  individual  sections  of  which  the  filter  is 
made  up  may  be  considered  as  77*aections  [Fig.  II-2(a)]  or  as  T-sections 
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FIG.  11-2  LUMPED-CONST AHT  LOW-PASS 

FILTER  (Pass-Bond  Approximation): 

(a)  Starting  with  Helf-Capecitonca, 

(b)  Starting  with  Half-Inductance 


FIG.  11-3  IMAGE  IMPEDANCE  OF  LOW-PASS 
FILTER  AND  CHARACTERISTIC 
IMPEDANCES  OF  WAVEGUIDES 
OF  VARIOUS  HEIGHTS 
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[Fig.  II-2(b)].  This  does  not  affect  the  interior  elements  of  the  filter, 
but  determines  whether  the  first  and  last  elements  are  to  be  half* 
capacitances  [Fig.  II*2(a)]  or  half-inductances  [Fig.  II*2(b)};  it  also 
determines  whether  the  image  impedance  is  to  be  ZJff  or  ZJT  (Fig.  11*2). 

These  two  image  impedances  vary  differently  with  frequency,  Z/ff  increasing 
and  ZJT  decreasing  with  frequency,  as  shown  in  Fig.  11*3.  On  the  same 
figure  are  three  typical  curves  (broken  lines)  showing  how  the  waveguide 
characteristic  impedance  changes  with  frequency.  If  it  is  required  to 
match  the  7r*section  waffle-iron  filter  (which  begins  and  ends  with  a 
half-capacitance,  as  in  the  earlier  filters1*6)  at  the  design  frequency 
/0,  then  a  waveguide  must  be  chosen  corresponding  to  Curve  1  in  Fig.  II-3. 

It  is  readily  appreciated  that  this  results  in  a  relatively  narrow  pass- 
band,  since  ZJff  and  the  waveguide  impedance  diverge  quite  rapidly.  On 
the  other  hand  ZfT  runs  tangential  to  the  waveguide  impedance,  leading 
to  the  possibility  of  good  match  over  a  wide  pass-band.  Such  a  filter 
must  begin  with  a  Hal f- induct ance. 

The  filter  shown  in  Fig.  1 1 - 1  was  derived  from  an  earlier  filter,4 
whose  dimensions  have  already  been  given.  However,  the  new  filter  begins 
and  ends  on  a  transverse  plane  half-way  between  two  rows  of  teeth.  Such 
an  end-section  is  equivalent  to  one  beginning  with  a  hal f* inductance. 

The  only  other  change  made  was  to  replace  the  square  teeth  by  circular 
teeth  (to  increase  the  power-handling  capacity);  in  making  this  change, 
the  area  of  the  top  of  each  tooth  was  kept  approximately  constant  (so 
that  the  capacitances  would  remain  approximately  the  same);  the  diameter 
of  each  new  round  tooth  was  made  equal  to  0.893  inch.  The  center- to- 
center  spacing  is  still  1.300  inch  (five  teeth  to  a  row).  The  6-dimension7 
is  still  1.610  inch,  and  the  6 '-dimension 7  between  teeth  is  also  0.210  inch. 
The  exposed  circular  edge  of  the  teeth  is  rounded  to  a  radius  R  »  0.063  inch. 

The  image  impedance  of  this  filter  was  determined  experimentally  by 
Dawir’s  method0*0  and  was  found  to  correspond  to  the  impedance  of  a  wave¬ 
guide  of  height  0.375  inch.  The  VSVH  was  then  measured  with  the  filter 
between  three  successive  pairs  of  similar  waveguides,  each  pair  of  a 
different  height,  0.350  inch,  0.375  inch,  and  0.400  inch.  It  is  evident 
from  Fig.  I 1-4  that  0.400  inch  is  slightly  too  high,  corresponding  to  a 
Curve-1  situation  in  Fig*  11-3.  There  is  a  tendency  for  all  VS1H  curves 
to  come  down  to  unity  at  about  1225  Me  and  again  at  about  1635  Me.  This 
was  shown  by  separate  measurements  (not  reproduced  here)  to  be  due  to 


FIG.  IM  PASS- BAND  VSWR  OF  SINGLE-LAYER  WAFFLE-IRON 
FILTER  WITH  ROUND  TEETH  AM)  HALF-INDUCTIVE 
END-SECTIONS  (Fig.  IM)  OPERATING  BETWEEN 
WAVEGUIDES  OF  VARIOUS  HEIGHTS 

the  filter1*  being  one  wavelength  long  at  1225  Mr  am!  one-and-one-half 
wavelength*  long  at  1635  Me.  It  in  seen  from  Fig.  11*4  that  the  average 
inage  impedance  over  L-hand  correspond*  closely  to  a  waveguide  height  of 
between  0.350  inch  and  0.375  inch. 

D.  FOUR- LAYER  FILTER 

One  of  the  prime  objective*  of  this  investigation  was  to  increase 
the  power-handling  capacity  of  the  previously  built  filters.  The  change 
from  square  to  round  teeth7  helps  appreciably  (see  below).  Dividing  the 
power  among  n  identical  waffle-iron  filters,  and  then  combining  their 
outputs,  raises  the  power- handl i ng  capacity  n  times.  It  is  mechanically 
simplest  to  parallel  only  two  filters:  This  results  in  a  structure  thst 
can  generally  be  fitted  into  standard  waveguide,  and  which  can  be  matched 
with  especial  mechanical  simplicity.  Paralleling  four  filters  leads  to 
a  structure  that  is  approximately  square  in  cross  section,  and  that 
handles  four  times  the  peak  power  of  a  single  filter.  The  waffle-iron 
filter  shown  in  Fig.  1 1-5  consists  of  four  filters  of  the  type  shown  in 
Fig.  11-1.  To  match  into  and  out  of  this  filter,  two  binary  power 
dividers  were  constructed  as  shown  in  Fig.  11-5.  (Notice  that  the 
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electrical  length  from  the  input  of  a  power-divider  to  any  one  of  ita 
four  outputa  haa  been  kept  the  tame.)  The  over-all  length  of  the  filter 
and  two  power  dividera  shown  in  Fig*  II-5  ia  24  inchea. 

The  low-power  performance  of  the  two  filtera  (that  ahown  in  Fig.  11*1, 
and  the  composite  filter  unit  ahown  in  Fig.  II-5)  were  found  to  be  nearly 
the  same.  The  second  filter  should  handle  four  times  as  much  peak  power 
as  the  first.  However,  there  is  a  possibility  of  resonances  around  the 
plates  of  the  composite  filter,  if  there  should  be  electrical  path  dif¬ 
ferences  or  other  unbalancing  effects  between  the  four  parallel  paths. 

No  such  resonance  was  ever  observed  in  this  filter,  which  had  been 
carefully  constructed.  To  forestall  the  possibility  of  such  a  resonance 
in  less  well  constructed  filters,  coupling  can  be  introduced  between  the 
layers  by,  for  instance,  cutting  large  circular  holes  between  the  circu¬ 
lar  teeth.  8 

The  VSWR  of  the  four-layer  filter,  with  or  without  coupling  holes, 
including  both  power  dividers  and  tapers  to  WH-650  waveguide,  is  better 
than  1. 20  from  1100-1650  Vc,  ».e.,  over  almost  the  whole  of  L-band. 


FIG.  11-5  FOUR-LAYER  WAFFLE-IRON  FILTER  WITH  POWER  DIVIDERS 
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SOURCE:  Quarterly  Pro  ere**  Report  2,  Contract  AF  30(602  >-2734.  SRI 
(See  Ref.  43  by  L.  Youn«) 


FiG.  11-6  STOP-BAND  ATTENUATION  CHARACTERISTICS  OF  WAFFLE-IRON  FILTER  IN  FIG.  11-1 

E.  ATTENUATION  MEASUREMENTS  IN  THE  STOP- BAND 

The  filter  tested  had  five  sections,  round  teeth,  and  hal f- inductance 
end-sec tiona;  its  stop-band  attenuation  characteristic  is  plotted  in 
Fig.  II-6.  The  wriggly  lines  indicate  the  limits  of  measurement,  deter¬ 
mined  by  the  available  signal-generator  power  and  the  receiver  sensitivity. 
The  measurements  were  made  with  a  continuously  (mechanically)  swept  signal 
generator,  and  the  filter  output  was  measured  by  a  broad-band  bolometer 
connected  to  a  chart  recorder.  (It  would  have  been  impractical  to  take 
point-by-point  measurements  with  s  superheterodyne  receiver,  since  the 
spurious  responses  are  very  sharp  and  would  probably  have  been  missed. ) 

A  travel ing-wsve-tube  amplifier  was  available  from  2  to  I  Gc,  thus 
giving  additional  sensitivity.  For  instance,  the  attenuation  of  both 
filters  at  the  second  and  third  harmonics  of  I . 3  Gc  (the  nominal  band- 
center)  is  greater  than  60  db.  It  may  be  more  than  60  db  up  to  5.8  Gc, 
but  without  the  TWT  amplifier  the  limit  of  measurement  was  45  db.  The 
humpbacked  appearance  of  the  curve  is  not  due  to  the  filter,  but  is  due 
to  the  extra  available  power  from  the  Tiff.  There  were  several  spurious 
responses  in  the  region  5. 8-6. 2  Gc  (not  shown  in  Fig.  11*6),  but  another 
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clear  stop-band  (which  had  not  been  predicted)  exiated  from  6.2  to  7.1  Gc, 
where  the  attenuation  was  at  leaat  40  db. 

F.  HIGH-POWER  PERFORMANCE 

Teata  at  power  levela  aufficiently  high  to  induce  breakdown  were 
made  on  four  different  waffle-iron  filtera  deaigned  for  the  L-band.  The 
reaults  of  theae  teats,  together  with  the  results  of  teata  made  earlier/ 
are  summarised  in  Table  II-l.  Two  of  the  four  filtera  tested  are  shown 
in  the  photographs,  Figs.  II-l  and  II-5,  as  indicated  in  Table  II-l.  The 
other  two  filters  are  the  ones  referred  to  as  Waffle-Iron  Filtera  I  and 
II  in  Hef.  4.  (Teats  1  and  2  were  on  Waffle-Iron  Filter  I,  and  Test  3 
was  on  Waffle-Iron  Filter  II.)  The  two  columns  of  Table  II-l  with  the 
common  heading  “Peak  Power,  \!w,#  gives,  first,  the  value  of  peak  power 
(in  megawatts)  observed  after  arcing  was  induced  and  then  quenched  by 
reducing  the  power.  The  reduced  power  at  which  the  arc  is  quenched, 
called  the  all-clear  power,  is  the  value  listed.  The  second  column 
under  the  same  heading  gives  the  all-clear  power  that  might  be  expected 
when  the  filter  is  perfectly  matched  at  its  output.  This  value  of  power 
is  calculated  by  applying  a  small  correction  factor  equal  to  the  load  VSWH. 


Table  II. 1 

SUMMARY  OF  HIGH-POWER  TESTS  (JN  WAFFLE-IRON  FILTERS 


WAFFLE* IRON  FILTER 

PULSE 

LENGTH 

) 

PULSE 

PEAK  POWER  (Ms) 

TEST 

NO. 

Daacr  ipt  ioa 

WfflH 

mHU 

TEST 

FREQUENCY 
(Uc  ) 

REPETITION 

FREQUENCY 

(epa) 

Maaaarad 

All-Clear 

Carracted 

far 

Laad  VSWR 

TESTED  RY 

1 

n 

Square  Tooth* 

in 

1.3 

2 

60 

1.26 

1.64 

K.  D.  Sharp4 

2 

•• 

Square  Tooth4 

1.3 

110 

30 

0.48 

0.51 

Authors 

3 

.. 

Square  Tooth4 

m 

1.3 

110 

30 

0.68 

-• 

Authors 

4 

ii-i 

Round  Tooth 

ig 

1.3 

110 

30 

0.56 

0.66 

Authors 

S 

_ 1 

11*5 

Round  Tooth, 
4*Layer 

D 

1.35 

2.5 

200 

6.3* 

•• 

Authors 

Tins  value  ia  believed  te  bite  been  lieileJ  bv  tbe  aystv*  capability  rat  be  r  ibaa  tbe  filter.  A  value 
of  8.5  IM  eea  predicted.  See  the  teat. 


Ry  comparing  Tests  2  and  4,  one  ran  see  that  the  filter  with  round 
teeth  can  carry  1.3  times  as  much  power  as  the  square-tooth  filter,  with 
110-microsecond  pulse  length.  If  we  extrapolate  this  relationship  to 
calculate  the  2-mi crosecond  pulse  power  capability  of  a  round-tooth 
filter,  we  obtain  a  value  of  1.3  *  1.61  -  2.1  Ww.  For  a  four- layer 
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filter  with  round  teeth,  end  etili  with  2-microtecond  pulaes,  we  obtain 
a  predicted  pulae  power  capability  of  (1.3  *  1.64  *  4)  •  8.5  Mw.  Teat  5 
ahowa  that  thia  four-layer  filter  actually  carried  6.3  Mw  power  with  a 
2. 5-microsecond  pulae.  It  ia  conaidered  unlikely,  however,  that  break¬ 
down  occurred  in  the  waffle-iron  filter,  becauae  the  waveguide  syatem 
without  the  filter  was  later  found  to  break  down  at  6  Mw  peak  power,  and 
becauae  no  burn  marka  were  found  on  the  four-layer  filter.  For  com- 
pariaon,  the  computed  power  handling  capacity 14  of  full-height  L-band 
waveguide  at  1.3  Gc  ia  14  Mw,  assuming  a  voltage  gradient  at  breakdown 
of  15  kv  per  cm. 

G.  TWO- LAYER  WAFFLE-IRON  FILTER 

In  order  to  increase  the  power-handling  capacity  of  the  waffle-iron 
filter,  a  number  of  such  filters  can  be  paralleled,  as  already  described 
in  connection  with  the  four-layer  high-power  filter.  In  some  applica¬ 
tions  it  will  be  desirable  to  fit  the  filter  into  a  waveguide  cross 
section;  this  is  not  possible  with  four  filters  in  parallel,  but  works 
out  very  conveniently  for  two  filters  in  parallel,  at  least  with  the 
present  waffle-iron  filter  design. 

A  two-layer  filter,  complete  with  matching  transformer-power  dividers 
and  with  twice  the  theoretical  peak  power  capability  of  a  single-layer 
filter  was  constructed  for  the  (.-band.  The  filter  portion  is  shown  in 
Fig.  II-7.  Its  performance  is  similar  to  the  other  filters.9 

H.  MODIFIED  CASCADED  WAFFLE-IRON  FILTERS15 

The  waffle-iron  filter  developed  on  Contract  \F  30(6021-2392  was 
modified  so  that  its  pass-band  bandwidth  was  approximately  doubled,  while 
st  the  ssme  time  its  length  was  reduced  by  about  one-third.  This  results 
in  sn  electrically  improved  and  mechanically  more  compact  filter. 

The  original  filter  consisted  of  three  separate  waffle-iron  filters 
designed  for  separate  and  slightly  overlapping  stop-bands.  They  were 
cascaded,  with  quarter-wave  transformers  placed  between  them  to  match 
their  different  image  impedances. 


IS 


FIG.  11-7  PHOTOGRAPH  OF  TWO-LAYER  WAFFLE-IRON  FILTER 


Two  design  modifications  were  undertaken: 

(1)  A  half-sect  ion  was  removed  at  earl*  end  of  the  three 
separate  filters, 4  thus  turning  the  ha l f-capac i tance 
end  sections  into  ha  I f- i ndur t ance  end  sections,7  in 
order  to  widen  the  pass-hand  of  each  filter. 

(2)  The  dimensions  of  the  terth  were  adjusted  to  make  the 
image  impedances  of  the  three  separate  filters  equal 
to  one  another,  so  that  no  matching  transformers  would 
he  required  between  them  when  they  were  cascaded. 

The  three  filters  are  shown  connected  in  Fig.  11*8.  The  over-all 
length  of  the  filter  is  18. 1^4  inches  compared  with  a  little  over 
30  inches  for  the  earlier  filter*  ( P , 5  inches  is  accounted  for  by  the 
intermediate  transformers,  and  about  2  inches  by  the  removal  of  one 
section  per  filter). 
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Th#  pass-band  VSVR  is  shown  in Pi§ •  II-9.  The  heavy  solid  line  is  the 
final  VSWR  obtained  with  watching  posts  and  bars.  a  It  is  seen  that  the 
three  waffle-iron  filters,  cascaded  as  shown  in  Fig.  11*7*  have  a  VSWR 
of  less  than  1.15  frow  1190  to  1560  Me,  and  rewain  below  1.4  over  the 
whole  of  L-band  (1120*1700  lie).  The  perforwance  compares  favorably  with 
the  earlier  filter,4  whose  VSWR  is  also  ahown  in  Fig.  11*9  for  cowparison. 


FIG.  M*8  EXPLODED  VIEW  OF  THREE  WAFFLE-IRON  FILTERS  IN  CASCADE 


FIG.  11-9  V$WR  OF  THREE  WAFFLE-IRON  FILTERS  IN  CASCADE 
(The  original  woffle- iron  filter  with  half-capocitonce  and 
sections  it  also  shown  for  comparison.) 

The  attenuation  iseaaureiaent a  in  the  stop-band  were  made  as  described 
before4*1  and  were  limited  by  the  sensitivity  of  the  equipment.  No  de¬ 
terioration  in  the  stop-hand  was  observed  compared  with  the  previously 
published  curves.  4  The  attenuation  was  at  least  bO  dh  from  2.1  to 
13.8  Gc ,  except  in  two  regions:  the  sensitivity  fell  from  60  db  to 
55  db  between  6.8  to  7.5  Gc#  so  that  it  is  not  known  for  certain  whether 
it  exceeded  60  db  in  this  region;  and  the  attenuation  dropped  measurably, 
but  remained  better  than  55  db  in  the  region  9.7  to  10.3  Gc.  With  these 
exceptions  it  thus  remained  above  60  db  from  the  second  to  the  tenth 
harmonic  of  1.3  Gc.  These  results  are  consistent  with  Fig.  13  of  Ref.  4. 

Figure  11-10  is  a  photograph  of  the  seven-sec t ion  quarter-wave 
transformers  15  used  to  match  the  wuf  f  le- i  ron  filter  to  WII-650  waveguide. 
The  transformer  alone  had  a  VSVH  of  less  than  1.01  over  and  beyond  the 
L-band. 


FIG.  11-10  PHOTOGRAPH  OF  SEVEN-SECTION  QUARTER-WAVE  TRANSFORMER 
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A.  GENERAL 


III  COAXIAL  LEAKY -WAVE  FILTERS* 


This  section  describes  s  l5/t  inch  cosxisl  leaky-wave  filter  which 
was  designed  for  the  suppression  of  harmonic  and  spurious  frequency 
energy  of  high-power  sources.  A  schematic  diagram  of  the  filter  is 
given  in  Fig.  III-l.  It  consists  of  a  modified  coaxial  line  having 
periodically  spaced  slot-pairs  on  the  outer  conducting  wall.  Each  slot 
couples  the  coaxial  line  to  a  single  waveguide  that  is  terminated  in  a 
matched  wide-band  load.  At  frequencies  in  the  filter  pass-band,  the 
side  waveguides  are  cut  off  and  energy  in  the  coaxial  line  passes  to 
the  load  unattenuated.  However,  at  frequencies  in  the  filter  stop-band, 
the  waveguides  support  propagation;  hence,  the  energy  within  the  coaxial 
line  at  these  frequencies  is  coupled  into  the  side  waveguides,  absorbed 
in  loads,  and  thus  greatly  attenuated. 


FIG.  111-1  A  COAXIAL  LEAKY-WAVE  FILTER  FOR  THE  SUPPRESSION 
OF  SPURIOUS  ENERGY 


|Ul  it  rapartatf  ia  atrt  4c(ait  m  111  I.  (NifartActi  art  liitH  at  ikt  a*4  af  ike 

awttiaa. ) 
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FIG.  111*2  PHOTOGRAPH  OF  THE  1-5  8-INCH  COAXIAL  LEAKY-WAVE  FILTER 

A  photograph  of  tho  actual  filter  ia  given  in  Fig*  HI-2.  The 
filter  has  a  cutoff  frequency  of  1,7  Gc.  It  is  16,5  inches  long  Meas¬ 
ured  from  the  first  slot  to  the  last.  There  are  a  total  of  41  slot- 
pairs:  10  slot-pairs  at  each  end  of  the  filter  are  gradually  tapered 

in  arc  length  in  order  to  Match  the  filter  to  the  50-ohM  coaxial  line. 
The  remaining  21  slot-pairs  subtend  a  150-degree  arc  at  the  center  of 
the  coaxial  line. 


B.  ATTENUATION  AND  MISMATCH  LOSS  OF  THE  ls/»-INCH  COAXIAL 
LEAKY- WAVE  FILTER  FOR  AN  INCIDENT  TEM  WAVE 

The  filter  shown  in  Fig*  111*2  was  tested  for  transducer  loss*  and 
mismatch  loss*  for  an  incident  TEM  wave  over  the  frequency  hand  1.2  to 
10  Gc.  An  electrically  long,  linear  taper  was  used  as  a  TEM- node  launcher. 

In  the  teats,  a  “50-ohm  center  conductor"!  was  initially  used  with  the 
filter.  In  addition  to  thia  center  conductor,  three  other  center  con- 
ductora,  whose  impedances  gradually  tapered  from  50  ohms  at  the  input  of 
the  filter  to  smaller  values  of  40,  30  and  20  ohas,  were  also  used  with 
the  filter.  The  smaller  impedance  center  conductors  were  tapered  from 
one  end  only.  Therefore  a  single  section  quarter-wave  impedance  matching 
transformer  was  used  at  the  low- impedance  end  of  each  center  conductor 
in  order  to  match  the  filter  to  the  50-ohm  line  in  the  pass-band.  The 
purpose  of  using  the  tapered  center  conductors  was  to  reduce  the  filter 
impedance  in  order  to  achieve  greater  attenuation  per  unit  length.  The 
attenuation  of  the  filter  using  50-,  40- ,  30- ,  and  20-ohm  center  con¬ 
ductors  is  given  in  Fig.  I I I - 3.  The  data  show  that  the  filter  has  a 
wide  stop-band  and  provides  high  attenuation  throughout  most  of  the 
stop-band. 

An  approximate  relationship  for  the  dependence  of  the  attenuation 
of  the  filter  on  the  center-conductor  impedance  is 

t(L.)  /a  )  )  •  17.J7.A  (III-l) 

where  (L#) y  is  the  attenuation  of  the  filter  in  dbs  when  a  center  con¬ 
ductor  of  Zy  ohms  is  used  within  the  leaky-wave  filter.  In  words, 

(Eq.  (III-l)  states  that  the  attenuation  is  approximately  inversely 
proportional  to  the  center-conductor  impedance  and  is  independent  of 
frequency.  It  is  emphasised,  however,  that  Kq.  ( 1 1 1 - 1 )  is  most  reliable 

*  TraaeSecer  laaa  ia  SefieaS  ••  IS  lefl0  %t»i!  “  *****  ••"•rater  f 

vkti  tka  1—4  ptiNita  a  caaj agate  eetck  it  tka  gtMrtttr,  —4  ^  it  tka  p—r  SalirareS  it  tte  leaf  reeiet* 
aaca  alwa  tka  filter  ia  ia  glace.  Tka  tr— eSafe r  laaa  ia  ataeya  fra •  tar  tkea  ar  ageel  ta  ear#  Sk.  Ifcreia,  j 

vita  ettaaeet iaa  ia  rafarraS  ta,  tka  Secikel  treats  wear  laaa  ail  I  ke  aaSaretaaS.  | 

f  Hiawatak  laaa  ia  tka  laaa  af  tectSeet  gaeer  Sat  ta  raf  teat  tea.  It  ia  ageel  ta  IS  laf^  [(r  ♦  1  )*/•?]  Sk, 
akara  r  ia  tka  VSi  af  tka  filter. 

I  tkia  satet  las  aifsifiaa  a  caatar  ceaSecter  keeiag  a  Siaeatar  a  act  tket  tka  ekarecterietic  iafaSaaca  af  tka 
a^artarkaS  aaaaial  liaa  ia  SS  akaa.  Ia  tkia  f tacaaaiaa.  tka  iagaSeece  af  tka  filter  atll  aftaa  ka  eeeeci- 
ateS  vitk  tka  aaatar  caaSaetar  ia  tka  ekeee  aaaaar. 
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for  moderate  change  in  center*conductor  impedance,  and  can  be  in  con* 
aiderable  error  either  for  large*percentage  redactions  in  the  center* 
conductor  impedance,  or  if  the  center*conductor  iapedance  ia  small  to 
begin  with* 

The  mismatch  loss  of  the  filter  was  determined  from  1.7  to  9.5  Gc, 
using  the  four  center  conductors.  The  differences  of  the  results  obtained 
for  the  four  conductors  were  small.  In  general,  the  mismatch  loss  was 
typically  less  than  0.1  db. 


meoucNCY  —  oc. 
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FIG.  111-4  VSWR  OF  THE  1-5/8- INCH  COAXIAL  LEAKY-WAVE  FILTER  IN  THE  PASS-BAND 


The  VSWR  in  the  pass*band  of  the  filter  for  the  cases  of  the  SO* 
and  20*ohm  center  conductors  is  given  in  Fig.  111*4.  The  pasa*bsnd  in 
this  instance  is  arbitrarily  taken  as  1.2  to  1.4  Gc,  although  the  coaxial 
leakywave  filter  passes  all  frequencies  below  approximately  1.7  Gc.  The 
VSWR  curves  of  the  40*  and  30- ohm  center  conductors  are  not  shown  in 
Fig.  III*4;  however,  they  generally  lie  between  the  SO*  and  20*ohm  center* 
conductor  curves.  The  VSWR  of  the  filter  using  the  20*ohm  center  conductor 
is  less  than  1,28.  This  VSWR  could  be  reduced,  if  it  were  necessary,  by 
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using  s  better  matching  section  at  the  output  of  the  filter.  The  VSWR 
for  the  50-ohm  center  conductor  was  better  than  1.08.  The  attenuation 
of  the  filter  in  the  pass-band  was  also  determined  for  the  cases  of  the 
50*  and  20-ohm  center  conductors  and  found  to  be  less  than  0.2  db  in 
both  cases. 

C.  ATTENUATION  AND  MISMATCH  LOSS  OF  THE  ls/a.INCH  COAXIAL 
LEAKY- WAVE  FILTER  FOR  AN  INCIDENT  TE  n  WAVE 

The  leaky-wave  filter  was  also  tested  for  attenuation  and  mismatch 
loss  for  an  incident  TE j j  wave  over  the  frequency  interval  3.6  to  6.7  Gc. 
This  frequency  band  approximately  covers  the  interval  in  which  only  TEM 
and  TEU  modes  may  propagate  in  a  lsA-inch,  50-ohm  coaxial  line. 

The  coaxial  TE^  mode  was  generated  by  a  waveguide-TE } 0-mode- to- 
coaxial -TE j j-mode  transducer.  Two  transducers  were  used  in  the  measure¬ 
ment  system;  one  for  initiating  and  the  other  for  capturing  the  mode. 
Details  of  the  construction  of  the  transducers  and  their  manner  of 
operation  are  given  elsewhere. 2 

Figure  1 1 1 - 5  shows  an  arbitrary  angle  coordinate,  its  direction 
relative  to  the  orientation  of  the  coaxial  filter,  and  a  particular 
orientation  of  the  transverse  electric  field  of  the  coaxial  TE t j  mode. 

A  TEn  electric  field  having  this  particular  orientation  will  be  said 
to  be  of  b  ■  0  polarization .  The  TE j j  electric  field  of  this  polarisa¬ 
tion  may  be  partially  characterised  by  the  fact  that  it  has  no  y-component 
at  V  ■  0  and  77,  and  no  /?- component  at  ^  ■  v/2  and  ~(v/2). 

Next,  we  define  the  v  ■  v/2  polarization  of  the  TEn  mode.  This 
polarisation  is  achieved  by  rotating  the  V  ■  0  polarised  field  by  v/2 
in  the  counterclockwise  direction.  In  the  v/2  polarisation,  the  electric 
field  has  no  ^-component  at  t  •  v/2  and  *(77/2),  and  no  /1-component  for 
6  •  0  and  77.  It  can  be  shown  that  any  other  orientation  of  the  TE1( 
mode  can  be  obtained  from  a  linear  sumof  the  6  •  0and£  •  v/2  polarisations. 
Conversely,  any  arbitrary  polarised  TEj  field  may  be  resolved  into  a 
combination  of  &  •  0  and  t  *  v/2  polarised  fields.  Further,  the  energies 
of  the  6  ■  0  and  ti  ■  v/2  polarised  fields  are  uncoupled.  For  these 
reasons,  it  is  convenient  to  refer  to  the  orientation  of  the  TEJt  elec¬ 
tric  field  by  the  above  nomenclature. 
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FIG.  111-5  THE  TRANSVERSE  ELECTRIC  FIELD  CONFIGURATION  OF  THE  COAXIAL  TE, ,  MODE 
WITH  AN  ANGLE  COORDINATE  DESIGNATION  AND  THE  COORDINATE  DIRECTIONS 
RELATIVE  TO  THE  ORIENTATION  OF  THE  COAXIAL  LEAKY-WAVE  FILTER 


U*ing  the  waveguide-TE  x  0-mode- to-coaxial-TE  u-mode  transducers* 
attenuation  and  mismatch  loaa  meaaurementa  of  the  coaxial  leaky-wave 
filter  were  made  over  the  frequency  interval  3.6  to  6.7  Gc.  The  mens- 
urementa  were  made  for  both  the  6  •  0  and  6  •  tt/2  pol arixat iona  uaing 
the  50-  and  20-ohm  center  conductor!.  No  meaaurementa  were  made  uaing 
the  40-  and  30-ohm  center  conductors  because  the  results  of  the  TEM  at¬ 
tenuation  measurements  indicate  that  their  responses  would  be  bounded 
by  those  of  the  50-  and  20-ohm  cases.  The  attenuation  of  the  TEJt  mode 
is  given  in  Fig.  III-6.  Figure  IH-6  shows  that  fields  of  6  •  ir/2 


FIG.  IK-6  ATTENUATION  OF  THE  1-5  8-INCH  COAXIAL  LEAKY-WAVE  FILTER  FOR  AN 
INCIDENT  TE, ,  WAVE  OF  r  «  0  AND  -  2  POLARIZATION  USING  A 
50-  AND  20-OHM  CENTER  CONDUCTOR 


polarisation  arc  atrongly  attenuated,  while  fields  of  6  ■  0  polarisation 
are  much  leas  attenuated.  The  reason  for  this  result  lies  in  the  dif¬ 
ferent  current  density  distribut ions  on  the  outer  coaxial  wall  for  the 
two  polarisations.  The  interested  reader  may  find  a  discussion  of  this 
outcome  elsewhere.  3 

The  mismatch  loss  of  the  leaky-wave  filter  using  50-ohm  and  20-ohm 
conductors  for  an  incident  TE  l  j  wave  of  both  polarizations  was  also 
determined  from  3.8  to  6.7  Gc.  It  was  found  that  for  both  center  con¬ 
ductors  and  both  polarisations  the  mismatch  loss  was  generally  less 
than  0.1  db  from  5.0  to  6.7  Gc;  and  generally  less  than  0.3  db  from  3.9 
to  5.0  Gc. 

D.  PEAK-POWER  TEST  RESULTS  OF  THE  COAXIAL 
LEAKY- WAVE  FILTER 

Tests  to  determine  the  peak  power  capacity  of  the  coaxial  leaky- 
wave  filter  were  conducted  at  the  Ki tel -McCu 1 1 ough  facilities  in 
San  Carlos,  California.  A  cobalt-60  source  of  3.5  millicuries  rate  was 
used  to  irradiate  the  filter.*  The  tests  were  conducted  at  1.3  Gc. 
Rectangular  pulses  of  2.4  microseconds  duration,  at  a  rate  of  333  pulses 
per  second,  and  of  variable  amplitude  were  used  to  attempt  to  achieve 
electrical  breakdown  within  the  filter.  The  tests  began  by  initially 
setting  the  pulse  amplitude  to  obtain  a  peak  power  of  75  kilowatts. 

After  an  interval  of  approximately  5  minutes  without  breakdown,  the 
pulse  amplitude  was  increased.  The  cycle  was  repeated  until  a  peak 
power  of  225  kilowatts  (which  was  the  maximum  permissible  output  of  the 
particular  tube  being  used)  wa?  obtained.  The  test  was  run  using  all 
four  center  conductors  within  the  filter.  In  no  case  was  breakdown,  or 
sputtering,  detected. 

A  survey  of  the  peak  power  specifications  of  l5m«inch,  50-ohm, 
commercially  available  coaxial  line  shows  it  to  be  rated  at  between  140 
and  280  kilowatts  at  unity  VSWH.  A  VSWR  of  greater  than  unity  will  de¬ 
rate  the  peak  power  capacity  by  a  factor  equal  to  the  VSWR.  Thus,  under 
the  test  conditions  stated  in  the  previous  paragraph,  the  coaxial  leaky- 
wave  filter  did  not  de-rate  the  peak  power  capacity  of  the  coaxial  line. 


Tkt  cobtlffrO  (ewee  «••  prwtM  by  the  Noel  tor  Phytic*  Laboratory  of  Stotford  HttotrcH  lnatitott. 
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IV  ANALYTICAL  SOLUTION  TO  A  WAVEGUIDE 
LEAKY -WAVE  FTLIOI  S1WCTORE* 


A.  GENERAL 

In  recent  years,  waveguide  structures  that  support  leaky-wave 
•odea1^  have  been  used  to  advantage  for  the  auppreaaion  of  spurious 
energy  of  high-power  transmitters .  These  structures  are  generally  re¬ 
ferred  to  as  leaky-wall  or  leaky-wave  filters.3-4,3  They  are  absorption 
rather  than  reflection  filters,  and  exhibit  the  following  characteristics: 

(1)  They  generally  provide  high  attenuation  throughout  a 
wide  stop-band. 

(2)  They  are  reasonably  well  matched  to  the  transmitter  in 
the  stop-band  as  well  as  in  the  pass-band.. 

(3)  They  are  able  to  support  large  peak  power  levels* 

Because  of  these  properties  it  is  expected  that  leaky-wave  filters  will 
play  an  important  part  in  the  suppression  of  spurious  energy,  particularly 
in  view  of  the  anticipated  increased  crowding  of  the  radio  spectrum,  the 
development  of  more  sensitive  receivers,  and  the  expected  greater  power 
output  of  new  transmitting  tubes.1  Consequently,  there  is  a  need  for  a 
greater  understanding  of  these  filters  and  for  quantitative  data  regarding 
their  design. 

Although  there  are  experimental  data  on  the  properties  of  several 
specially  constructed  leaky-wave  filters,7*1*9  there  are  apparently  little 
data  relating  to  the  effect  on  filter  attenuation  of  varying  one  or  more 
of  the  possible  parameters  of  the  filter  design.  In  this  section  this 
particular  aspect  is  considered  theoretically  over  a  limited  frequency 
range. 

Basically,  leaky-wave  filters  consist  of  a  waveguide  that  is  modified 
by  having  closely  spaced  periodic  slots  cut  on  the  walla  (outer  wall  for 
coaxial  lenkywave  filters).  Each  slot  couples  the  waveguide  to  a  side 
waveguide  that  is  terminated  in  a  wide-band  matched  load.  At  frequencies 
in  the  filter  paaa*band,  the  aide  waveguides  are  cut  off  and  the  energy  in 

*  TMi  i!9«Mi|MiN  »•  m  MN  UuiI  m  OtorMrl?  PrvyrvM  Utp*ft  I. 

3  IbftniMi  at  litid  it  iht  «ai  tf  tU  mtim. 
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FIG.  IV-l  SKETCH  OF  A  POSSIBLE  TYPE  OF  WAVEGUIDE  LEAKY-WAVE  FILTER 

the  traniiiuion  line  passes  to  the  output  unattenuated.  However,  at 
frequencies  in  the  filter  stop-band,  the  side  waveguides  support  propaga¬ 
tion  and  hence  the  energy  at  these  frequencies  is  coupled  into  the  ab- 
sorbing  waveguides  and  is  thus  severely  attenuated.  A  sketch  of  one 
possible  type  of  waveguide  leaky-wave  filter  is  shown  in  Fig*  IV* 1 • 

These  structures  are  got  readily  amenable  to  theoretical  study;  for 
this  reason,  an  idealised  structure  that  retains  the  basic  geoeretry  of  a 
leaky-wave  filter  was  used  in  this  analysis.  The  structure  is  shown  in 
Fig.  IV-2.  It  consists  of  a  waveguide  that  has  closely  spaced  periodic 
slots  cut  in  one  of  the  broad  walls.  Kach  slot  couples  the  mein  waveguide 
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FIG.  IV-2  WAVEGUIDE  LEAKY-WAVE  FILTER  STRUCTURE 

(a)  Orthogonal  Projection 

(b)  Longitudinal-Section  View 
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to  a  single  side  waveguide  that  is  assumed  to  be  terminated  in  its  char¬ 
acteristic  impedance.  As  can  be  perceived  from  Fig.  IV-2(a)  this  struc¬ 
ture  has  no  pass-band,  since  both  the  main  waveguide  and  side  waveguides 
have  the  same  cutoff  frequencies.  Nevertheless,  the  analysis  which  follows 
is  believed  to  be  pertinent  to  leaky-wave  filter  design  for  the  following 
reasons: 

(1)  Assume  a  TEJ0  mode  incident  to  the  leaky-wave  filter  of 
Fig.  IV-1.  Then,  f  rom  the  symmetry  of  the  structure  and 
the  mode  of  excitation,  it  can  be  seen  that  a  conducting 
(electric)  wall  could  be  placed  in  the  F-plane  between  the 
slots  without  disturbing  the  fields.  If  this  were  done, 
the  resulting  configuration  would  bear  a  very  close  re¬ 
semblance  to  the  structure  of  Fig.  I V - 2 .  Thus,  the  results 
obtained  from  the  analysis  may  provide  useful  quantatitive 
data  for  the  attenuation  of  this  mode.  A  similar  argument 
applies  for  filters  haveing  three  slots  abreast  on  the  broad 
wall  and  incident  TK3Q  modes,  or  for  n  slots  abreast  on  the 
broad  wall  and  incident  TK  0  modes. 

(2)  In  the  frequency  intervals  where  the  coupling  slots  of 
practical  leaky-wave  filters  are  past  resonance,  their 
frequency  dependence  is  similar  to  that  of  the  capacitive 
slots  of  the  structure  i  tt  Fig.  IV-2(a).  Also,  the  frequency 
dependence  of  the  absorbing  waveguides  for  both  cases  is 
similar.  Therefore,  it  is  believed  that  while  the  quanti¬ 
tative  data  resulting  from  this  analysis  may  not  apply 
directly  to  actual  leakv-wave  falters  propagating  the  Thj^ 
mode,  the  dependence  of  the  attenuation  constant  on  the 
various  design  parameters  will  behave  in  the  same  general 
way.  Hence,  which  parameters  should  be  varied  to  maximize 
the  attenuation  constant,  or  to  make  it  less  frequency 
sensitive,  can  be  ascertained  from  this  work. 

(3)  The  analysis  ran  easily  be  extended  by  symmetry  considera¬ 
tions  to  the  case  where  slots  are  cut  on  both  broad  walls. 

(4)  The  analysis  of  the  periodic  structure  automatically  ac¬ 
counts  for  all  mutual  coupling  effects  of  the  slots. 


B.  ATTENUATION  OF  THE  WAVEGUIDE  I.EAKY -WAVE  FILTER  STRUCTURE 

It  is  shown  elsewhere that  the  normalized  attenuation  constant,  do, 
of  the  structure  of  Fig.  1V-2  is  given  in  nepers  hv 


nepers , 


(IV-1) 
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•here  i  is  the  solution  to 
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end 
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(IV-2) 


h  »  6/«,  retio  of  transmission  waveguide  height 

to  width 

6  *  2eA,  retio  of  trenenieeion  waveguide  width 

to  one-half  the  freespace  wavelength 

c  *  L/o,  retio  of  elot  period  to  waveguide  width 

<r  •  d/Lt  ration  of  elot  width  to  elot  period 

S  ■  D/L,  retio  of  aide  waveguide  height  toalot 

period 


V  (IV- 3) 


Solutions  of  Eq,  (IV-2),  for  specific  values  of  the  paraweters  and 
of  the  frequency  variable  6t  were  obtained  using  the  Burroughs  Datatron 
220  digital  computer,  The  net hod  of  solution  was  to  use  an  iterative 
equation  baaed  on  Newton's  aethod11  as  applied  to  real  functions  of  a 
complex  variable.  Convergence  was  found  to  be  very  rapid,  usually  two 
or  three  iterations.  Details  of  the  method  and  choice  of  initial  guess 
are  given  in  another  report.11  The  iterative  equation  is 


t 


.♦1 


coth  z%  ♦  i%  each1  z% 
v  ♦  each1 


for  i  •  1,2,  ... 


C.  DISCUSSION  OF  RESULTS 

In  order  to  investigate  the  dependence  of  the  attenuation  constant 
on  the  several  design  parameters  and  frequency,  Eq.  (IV-2)  was  solved 
as  a  function  of  6  for  various  values  of  e,  <r,  5,  h.  The  following  cases, 
which  assume  a  waveguide  of  fixed  width  a,  were  of  particular  interest: 

(1)  For  a  given  slot  period  <9  slot  width  cr,  and  main  wave¬ 
guide  height  h,  determine  the  dependence  of  the  attenua¬ 
tion  constant  on  the  absorbing  waveguide  height  S. 


(2)  For  a  given  slot  period  €,  absorbing  waveguide  height  $, 
and  main  waveguide  height  h,  determine  the  dependence  of 
the  attenuation  constant  on  the  slot  width  cr . 

(3)  For  a  given  slot  period  e,  absorbing  waveguide  height  S, 
and  slot  width  cr,  determine  the  dependence  of  the  attenu¬ 
ation  constant  on  the  main  waveguide  height  h. 

(4)  For  a  given  slot  width  cr,  absorbing  waveguide  height  5, 
and  main  waveguide  height  h ,  determine  the  dependence  of 
the  attenuation  constant  on  the  slot  period  £. 

The  graphs  of  Figs.  IV-3  through  IV-6  pertain  to  Cases  1  through  4. 
They  show  plots  of  Ota,  the  normalised  attenuation  constant,  versus  2o/X, 
the  rstio  of  waveguide  width  to  one-half  the  free-space  wavelength.  The 
region  0  <  (2aA)  <  1  is  that  of  nonpropagation  in  an  unperturbed  guide, 
i.e.,  /3  ■  0.  For  the  leaky-wave  structure  of  Fig.  1V-2,  this  frequency 
region  also  corresponds  to  nonpropagation.  However,  the  value  of  the 
normalized  attenuation  constant,  <Xa,  was  found  to  be  increased  over  that 
of  the  unperturbed  case.  The  region  1  <  (2 a/X)  <  ®  corresponds  to  the 
region  of  propagation  in  an  unperturbed  waveguide,  i.e.,  0  >  0,  a  •  0. 

For  the  leaky-wave  structure  of  Fig.  IV-2  0  was  found  to  be  slightly  more 
than  the  unperturbed  waveguide  value  for  6  less  thsn  approximately  1.2, 
and  slightly  less  than  the  unperturbed  value  for  6  greater  than  approxi¬ 
mately  1.2,  while  a  differed  from  zero.  The  variation  of  a  with  frequency 
and  its  dependence  on  £,  cr,  8,  and  h  will  now  be  discussed. 

Figures  IV-3  and  IV-4  are  typical  results  which  relate  to  Cases  1 
and  2.  Figure  IV-3  considers  the  example  of  the  slot  width  occupying 
50  percent  of  the  slot  period,  and  Fig.  IV- i  the  case  of  the  waveguide 
periodic  F-plane  T-junction  (i.e.,  8  *  <-r).  In  both  cases,  8t  the  ratio 
of  the  absorbing  waveguide  height  to  the  slot  period,  is  a  variable 
parameter  that  ranges  from  the  minimum  permissible  value  (i.e.,  8  •  cr) 
to  the  limiting  value  1.  The  theoretical  results  obtained  suggest  the 
following  conclusions: 

(1)  The  attenuation  constant  increases  as  the  absorbing 
waveguide  height  increases.  An  approximation  to  the 
dependence  of  cia  on  8  for  the  maximum  values  of  da  is 

(*u)2  &2 
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FIG.  IV-3  NORMALIZED  ATTENUATION  CONSTANT  ya  AS  A  FUNCTION  OF  2o/\ 
FOR  VARIOUS  VALUES  OF  jfc  -  0.500) 
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FIG.  IV-4  NORMALIZED  ATTENUATION  CONSTANT  >o  AS  A  FUNCTION  OF  2o/\ 
FOR  VARIOUS  VALUES  OF  -  AND  H  *  -  j) 
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FIG.  IV*5  NORMALIZED  ATTENUATION  CONSTANT  *a  AS  A  FUNCTION  OF  2 oA 
FOR  VARIOUS  VALUES  OF  h(cr  -  0.500,  h  -  0.750) 
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FIG.  IV-6  NORMALIZED  ATTENUATION  CONSTANT  ko  AS  A  FUNCTION  OF  2o/\ 
FOR  VARIOUS  VALUES  OF  e(a  •  0.500,  -  =  0.750) 
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(2)  The  frequency  sensitivity  of  eta  incresses  ss  the  absorbing 
waveguide  height  increases.  Whereas,  over  most  of  the 
frequency  band  the  absolute  value  of  the  slope  of  the  Ota 
versus  6  curves  is  relatively  small  for  small  values  of  S, 
it  increases  monotonic* 1 ly  with  increasing  $.  For  a  given 
cr,  the  least-frequency -sensitive  case  is  when  $  *  cr,  i.e 
the  waveguide  periodic  T-junction. 

Figures  IV-5  gives  a  typical  result  which  shows  the  effect  upon  the 
attenuation  constant  of  varying  the  main  waveguide  height  while  holding 
all  other  parameters  constant.  The  particular  case  shown  is  for 
cr  »  0.500,  8  •  0.750.  However,  the  results  are  quite  similar  for  the 
other  cases  investigated.  The  effect  of  reducing  the  main  waveguide 
height  is  to  increase  the  attenuation  constant  without  affecting  its 
frequency  sensitivity.  This  particular  result  has  been  experimentally 
verified  in  the  case  of  coaxial  leaky-wave  filters*  (where  the  inner  con¬ 
ductor  diameter  was  increased,  thus  reducing  the  line  impedance)  and  has 
also  been  noted  in  the  waveguide  case.**  For  the  rsnge  of  parameters  in¬ 
vestigated  in  this  work,  an  approximate  relationship  between  various  h 
curves  was  found  to  be 


(ga)i  fhi\ 

«*«>.  *  e[hJs 


(A,  <  *,) 


•here  c  is  a  number  that  lies  between  1.0  and  1.3. 

Figu  re  IV-6  shows  the  effect  of  varying  the  slot  period  when  all 
other  ratios  are  held  constant.  The  change  in  f* a  due  to  the  variation 
in  €  is  relatively  small  throughout  most  of  the  frequency  band  but 
reaches  a  maximum  of  6  percent  at  t  *  2.0.  The  example  represented  by 
Fig.  IV-6  considers  reducing  the  slot  period  by  50  percent.  In  most 
leaky-wave  filters,  this  is  about  the  practical  limit  of  period  reduction. 
Figure  IV-6  shows  that  the  smaller  period  tends  to  increase  a  slightly  and 
to  make  it  a  little  less  frequency  sensitive;  however,  this  advantage  is 
completely  offset  by  the  additional  number  of  absorbing  waveguides  (twice 
as  many,  in  this  example)  required  by  the  reduction  in  the  slot  period.. 

In  the  introduction  it  was  stated  that  the  analysis  presented  in  this 
report  could  easily  be  extended  to  include  the  case  of  slots  on  both  broad 
walls.*  This  extension  is  made  for  a  given  set  of  parameters,  «,  a,  5, 


tagritHUl  rciaits  art  u  8tc.  Ilf. 
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•nd  h  by  replacing  h  of  the  set  by  h/2  and  solving  Eqs.  (IV-1)  and  (IV-2). 
This  is  physically  equivalent  to  placing  a  conducting  wall  in  the  ff-plane 
at  the  half-height  position  of  the  main  waveguide.  Asauming  that  the  ap¬ 
proximations  made  in  the  derivation  of  Eq.  (IV-2)  are  then  not  invalidated, 
one  sees  that,  qualitatively,  all  of  the  reaults  of  thia  study  remain  un¬ 
changed  for  the  case  of  the  leaky-wave  waveguide  structure  with  slots  on 
both  broad  walls. 

D.  EXPERIMENTAL  WORK 

In  Fig.  IV-2,  denote  an  arbitrary  absorbing  waveguide  as  the  ith  guide 
and  any  subsequent  absorbing  waveguide  as  the  j th  guide  ( j  >  i).  Then  the 
ratio  of  power  in  the  ith  guide  to  power  in  the  jth  guide  is  given  by 

P 4 

- s  e2 (IV-4) 

P 

j 

Solving  Eq.  (IV-4)  for  fla  gives 


da 


20t  (j 


1 

i)  Ugl0  * 


( I V  -  5  ) 


Equation  (IV-5)  states  that  da  is  equal  to  the  difference  in  db  of  the 
power  in  the  7th  and  ith  guides  divided  by  8.68(7  ~  i) t. 


Using  Eq.  (IV-S)  to  calculate  in,  experimental  measurements  were 
made  on  a  waveguide  structure  that  was  designed  so  that  it  could  be 
easily  modified  to  incorporate  t  lie  following  four  cases: 
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h 
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1:2 

a 

*  b 

•  0.555 

CAS  V 

1 1 1 

e  •  0.19ft 

h  ■  0.465 

a  »  0.200 

5  «  0.555 


(ASK  II 
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0.  198 
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0.  128 
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.>  •  0.555 

CASK  IV 

* 

0.108 

h 

n .  \2 1 

(T 

• 

0.  200 

b 

■ 

0.  555 

Cases  I  and  II  are  those  of  the  periodit 
the  main  waveguide  height  assumes  two  values. 


waveguide  T-junction  wherein 
Cases  HI  and  IV  represent 
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The  power  in  several  absorbing  waveguides  was  measured*  and  the  value 
of  aa  was  then  calculated  by  Eq.  ( I V- 5 )  using  several  combinations  for  ; 
and  i  of  the  absorbing  waveguides.  Since  the  resulting  ota  values  varied 
slightly  for  different  values  of  j  and  i,  their  average  value  is  used  in 
the  final  result.  The  variation  of  the  values  that  were  calculated  from 
the  power  measurements  results  from  the  variation  of  VSWR  of  the  loads  in 
the  side  waveguides.  A  check  of  several  loads  showed  that  the  VSWR ' s 
varied  from  1.05  to  1.35  over  the  measured  frequency  interval.  Hence, 
because  of  the  reflections  caused  by  these  loads  the  coupling  varied 
slightly  from  guide  to  guide. 

figure  I V  -  8  gives  the  computed  and  measured  values  of  Ota  for  the  case 
of  the  periodic  T-junction  for  two  values  of  main  waveguide  height; 
fig.  1V-9  gives  the  results  for  the  case  where  the  slot  width  occupies 
20  percent  of  the  slot  period  for  two  values  of  waveguide  height.  In  the 
latter  case,  the  slot  thickness  was  0.003  inch  and  the  small  thickness 
correction  term  was  neglected  in  the  theoretically  computed  values  of  Ota. 
The  additional  0.004-inch  reduction  in  height  (compare  h  in  Figs.  IV-B  and 
IV-0)  resulted  from  the  particular  fabrication  technique  used  in  attaching 
the  slot  strips  to  the  end  of  the  absorbing  waveguides.  The  four  experi¬ 
mental  cases  give  good  agreement  with  the  theoretically  computed  values. 


*  The  Measurement  techniques  ere  discussed  in  Ref.  10,  pp.  35-37. 
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FIG.  IV-8  THEORETICALLY  COMPUTED  AND  EXPERIMENTALLY 
MEASURED  NORMALIZED  ATTENUATION  CONSTANT  (to 
AS  A  FUNCTION  OF  2a/\  FOR  TWO  VALUES  OF 
h(e  -  0.198,  cr  •  >  -  0.555) 
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FIG.  IV-9  THEORETICALLY  COMPUTED  AND  EXPERIMENTALLY 
MEASURED  NORMALIZED  ATTENUATION  CONSTANT  a 
AS  A  FUNCTION  OF  2o/\  FOR  TWO  VALUES  OF 
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V  WAVEGUIDE  Hk  AID  J  -ih  DIRECTIONAL  COUPLERS 
AS  HARMONIC  PADS* 


A.  GENERAL 

Waffle-iron  filters  (Sec.  II)  are  very  compact  and  effective  rejec¬ 
tion  filters  for  harmonic  frequencies  and  other  spurious  frequencies 
above  the  transmitter  pass-band.  However,  the  unwanted  frequencies  are 
reflected  rather  than  absorbed,  as  would  be  preferable  when  either  the 
generator  or  the  load  is  severely  mismatched.  Such  mi smatches  can  af f ec t : 

(1)  The  over-all  attenuation,  since  the  mismatches  can  be 
phased  so  that  they  reduce  the  intrinsic  attenuation 
of  the  rejection  filter,  and 

(2)  The  power-handling  capacity,  since  (under  approximately 
the  same  phasing  conditions  that  reduce  the  attenuation) 
a  resonance  may  be  set  up,  which  may  cause  arcing  in  the 
transmission  line. 

Both  these  effects,  which  are  associated  with  rejection  filters,  may 
be  overcome  by  placing  a  44  low-pass  attenuator1'  on  the  mismatched  side  of 
the  rejection  filter  (to  be  quite  safe,  one  may  be  placed  on  each  side 
of  the  filter).  By  a  44  low-pass  attenuator"  we  mean  a  device  that  would 
be  matched  and  d i ssi pat  ion- f ree  in  the  fundamental  pass-band,  and  that 
should  be  matched  but  absorbing  at  least  from  the  second  harmonic  on  up 
in  frequency,  for  all  waveguide  modes  that  may  propagate.  A  device  with 
these  properties  will  henceforth  be  referred  to  as  a  harmonic  pad . 

Harmonic  pads  may,  for  instance,  consist  of  short  sections  of  leaky- 
wave  filters,  either  in  coaxial  line  (see  Sec.  Ill)  or  in  waveguide.1,2 
Since  leaky-wave  filters  have  been  and  are  being  investigated  in  their 
own  right  at  SHI  (with  higher  attenuations  being  sought,  and  obtained, 
than  are  necessary  for  harmonic  padding),  this  avenue  was  not  explored 
further  in  connection  with  rejection  filters.  (Short  sections  of  leaky- 
waveguide  filters  have  indeed  been  combined  in  this  manner  with  waffle- 
iron  filters,  although  no  test  data  have  been  published.) 
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Two  approaches  are  taken  here.  In  one  approach  we  investigate  the 
suitability  of  various  0-db  directional  couplers  (that  is,  directional 
couplers  having  0-db  coupling  in  the  fundamental  pass-band)  as  harmonic 
pads  (Fig.  V- 1 ) .  There  are  many  types  of  coupler,  and  only  a  few  could 
be  investigated  at  this  preliminary  stage.  The  choice  was  influenced 
largely  by  (1)  a  desire  for  a  suitable  geometrical  configuration  which 
might  appear  promising  for  our  purpose,  (2)  possibi 1 i t ies  for  appropriate 
modifications  at  a  later  stage,  and  (3)  ease  of  design  or  commercial 
availability.  Two  types  of  branch-guide  couplers  and  two  types  of  short- 
slot  couplers  were  investigated. 
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FIG.  V-l  (Wb  HARMONIC  PAD  AND  REJECTION  FILTER 


In  the  second  approach,  we  investigate  3-db  directional  couplers 
(that  is,  directional  couplers  having  3-db  coupling  in  the  fundamental 
pass-band).  The  3-db  coupler  (unlike  the  0-db  coupler)  cannot  act  as 
a  harmonic  pad  on  its  own,  but  requires  two  high-pass  or  bsnd-stop  filters 
to  make  it  into  a  harmonic  pad  (Fig.  V-2).  In  rectangular  waveguide,  a 
taper  into  a  section  of  waveguide  of  reduced  width  forms  a  high-pass 
filter,  which  will  pass  most  (but  not  all)  modes  at  frequencies  above 
the  pass-band,  while  reflecting  all  pass-band  frequencies.  This  circuit 
has  been  found  to  generally  perform  better  than  a  0-db  coupler  configu¬ 
ration  as  a  harmonic  pad  for  those  modes  passed  by  the  high-pass  filter; 
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FIG.  V-2  3-db  HARMONIC  PAD  AND  REJECTION  FILTER 
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however,  it  cannot  function  at  a  pad  for  thoae  frequencies  propagating 
in  modes  reflected  by  the  “high-pass"  filter  (such  as  occur  with  a  rec¬ 
tangular  waveguide  of  reduced  width),  and  thus  the  over-all  performance 
of  a  0-db  coupler  harmonic  pad  will  probably  be  more  acceptable,  at  least 
until  such  time  as  a  suitable  high-pass  filter  will  have  been  developed. 

It  can  be  shown3,4  that  satisfactory  performance  can  be  expected 
from  a  harmonic  pad  provided  that  the  reflected  power  is  at  least  in  the 
order  of  5  or  6  db  below  the  incident  power,  when  a  short  circuit  is 
placed  at  the  fundamental  frequency  output.  This  provides  a  criterion 
for  judging  the  performance  of  a  harmonic  pad. 

B.  BRANCH-GUIDE  COUPLER 

A  branch-guide  0-db  coupler  was  designed  and  constructed,  with 
waffle-iron  filters  in  its  branches.  A  photograph  of  this  new  direc¬ 
tional  coupler  is  shown  in  Fig.  V-3.  It  is  based  on  an  eight-branch 
periodic  0-db  coupler.  There  was  room  for  three  waffle-iron  sections 
plus  a  short  length  of  waveguide  to  add  up  to  a  branch  length  of  270 
electrical  degrees  (three-quarter  wave! ength )  at  a  center  frequency  of 
1.3  Gc.  The  mechanical  construction  of  the  coupler  follows  closely  the 
construction  of  the  previous  couplers.  5,6 

The  pass-band  performance  was  computed  on  a  digital  computer  and 
the  design  was  finally  optimised  by  computing  the  effect  of  small  changes 
in  the  branch  impedances.  The  coupler  was  then  built  and  tested  experi¬ 
mentally.  Excellent  agreement  was  again  obtained  between  computed  and 
measured  curves.  4 

The  stop-band  performance  of  the  coupler  was  measured  for  both  the 
(lowest)  TE10  and  the  (cross-polarized)  TK0)  modes,  using  long  tapers 
from  smaller  waveguides.  A  large  number  of  recordings  were  taken.  The 
greatest  reflection  coefficient  in  the  TE)0mode  at  all  frequencies  from 
the  beginning  of  the  second  harmonic  (2.5  Gc )  to  the  end  of  the  fifth 
harmonic  (6.25  Gc)  is  better  than  7  db  (and  is,  in  fact,  generally  much 
better).  The  attenuation  is  much  more  than  ia  required  of  a  harmonic 
pad,  and  ia  at  least  28  db. 

The  performance  of  branch  guide  couplers  as  harmonic  pads  deteriorates 
at  a  few  frequencies,4  even  though  it  is  satisfactory  at  most  frequencies. 
The  performance  of  the  0-db  coupler  with  waffle-iron  fitters  in  the  branches 
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FIG.  V-3  EXPLODED  VIEW  OF  8-BRANCH  0-db  BRANCH-GUIDE  DIRECTIONAL  COUPLER 
WITH  A  WAFFLE-IRON  FILTER  IN  EACH  BRANCH 

was  the  best  of  the  branch-guide  couplers  tested.5  It  is  especially  supe- 
rior  as  regards  attenuation,  because  of  the  filters  in  the  branches* 
However,  the  particular  model  constructed  had  reduced-height  waveguides 
in  order  to  utilize  an  existing  waffle-iron  filter  design,  and  thus  re¬ 
flects  the  TE0 j  mode  up  to  4.32  He,  and  would  be  bound  to  reflect  certain 
other  modes  which  might  be  incident  in  the  WH-650  input  waveguide. 

C.  SHORT- SLOT  DIRECTIONAL  COUPLERS 

There  are  many  possible  directional  couplers  which  appear  suitable 
for  use  as  harmonic  pads  either  as  0-dh  couplers  in  the  manner  of  Fig.  V-i, 
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or  aa  3-db  couplers  in  the  manner  of  Fig.  V-2.  Riblet  short-slot  cou¬ 
pler*  are  particularly  compact,  arc  readily  available,  and  have  the 
right  kind  of  geometrical  configuration.  Two  5-band  sidewall  couplers, 
and  two  5-band  topwall  couplers  in  WR-284  waveguide  were  purchased  from 
Microwave  Development  Laboratories  (Model  Numbers  284  HS  22  and  HT-1332). 
Each  type  was  tested  as  a  3-db  coupler  harmonic  pad  (Fig.  V-2),  and  also 
each  pair  was  cascaded  to  form  two  0-db  couplers,  shown  assembled  in 
Fig.  V-4.  Each  0-db  coupler  was  then  tested  as  a  harmonic  pad  (Fig.  V- 1 ) , 
The  spacing  between  the  two  3-db  couplers  in  both  cases  shown  in  Fig.  V-4 
is  not  critical  in  the  pass-band,  and  does  not  appear  to  be  critical  in 
the  stop-band.  Two  one- i nch- 1 ong  pieces  of  waveguide  were  used  between 
the  flanges  of  the  two  side-wall  couplers  (upper  photo  in  Fig.  V-4),  and 
two  1-inch-long  guides  were  used  between  the  topwall  couplers  (lower 
photo  in  Fig.  V-4).  Two  F-plane  bends  were  used  (Fig.  V-4),  but  the 
input  was  always  connected  to  a  straight  waveguide  port. 

In  the  pass-band  of  2.7  Gc  to  2.9  Gc ,  the  VSWH  and  dissipation  loss 
were  measured  for  both  0-db  couplers,  including  F-plane  bends,  as  shown 
in  the  photograph,  Fig.  V-4.  The  sidewall  0-db  coupler  had  a  VSWH  of 
1.05  or  better,  and  a  dissipation  loss  of  less  than  0,07  db  at  2.7,  2.8 
and  2.9  Gc;  the  topwall  0-db  coupler  had  a  VSWH  of  1.03  at  all  three 
frequencies,  and  a  dissipation  loss  rising  to  0.13  db  at  2.9  Gc. 

Four  combinations  (sidewall  0*db,  topwall  ft-db,  sidewall  3-db,  and 
topwall  3-db)  were  tested  in  the  stop-hand  as  described  for  the  branch- 
guide  couplers.  The  reflection  coefficient  was  recorded,  using  a  bank 
of  swept  signal  generators  and  a  chart  recorder,  when  a  short  circuit 
was  placed  in  an  arbitrary  position  at  the  output.  Measurements  were 
made  on  the  TEJQ,  the  TK  0  t ,  and  the  TF  „  Q  modes.  1,4 

A  large  number  of  recordings  was  taken,4’’  and  a  typical  one  is  shown 
in  Fig.  V-5.  This  shows  the  reflection  coefficient  for  the  TK  ^  0  and  TF.  0  j 
modes  from  4.0  to  15.5  Gc,  for  the  short-slot  sidewall  coupler.  In  this 
case  the  reflected  power  was  always  at  least  5  db  (but  mostly  about 
10  db)  below  the  incident  power. 

A  compact  spurious- f requencv  suppression  filter  is  suggested  in 
Fig.  V-6.  This  would  use  two  0-db  sidewall  couplers,  one  two-layer 
waffle-iron  filter  (Sec.  II),  and  two  dummy  loads  to  absorb  the  spurious 
power.  It  could  be  placed  in  any  straight  waveguide  run,  since  the  in¬ 
put  and  output  waveguides  are  in  line.  The  complete  spur i ous- f requency 
suppression  filter  need  be  no  higher  than  the  waveguide,  and  only  twice  as  wide. 

SI 
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dummy  load 


FIG.  V-6  SUGGESTED  SPURIOUS-FREQUENCY-SUPPRESSION  FILTER  USING  TWO  0-db  SIDEWALL 
COUPLERS,  ONE  ON  EACH  SIDE  OF  A  TWO-LAYER  WAFFLE-IRON  FILTER 
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VI  SHIP-LINE  BAM) -STOP  FILTERS* 


A  new  and  relatively  simple  method  of  designing  t ransmi ss ion- l ine 
band-stop  filters  that  are  well  matched  in  the  pass-band  was  shown  to  be 
suitable  for  the  suppression  of  the  second  harmonic  band,  and  is  believed 
to  be  applicable  to  the  design  of  a  band-stop  filter  with  several  selected 
stop-bands,  such  as  the  second-,  third-  and  fourth- harmonic  stop-bands.  1,2 
A  convenient  method  of  realizing  such  filters  is  by  strip-line  techniques. 

Band-stop  filters  with  narrow  stop-bands  have  been  developed  before,3 
and  general  design  formulas  for  this  case  have  been  given.  The  band-stop 
filters  described  here  are  suitable  for  wider  stop-bands,  and  are  thus 
more  suitable  for  eliminating  one  or  more  complete  harmonic  bands  of  a 
high-power  transmitter  which  covers  bandwidths  of  about  10  percent.  A 
typical  filter  consists  of  quarter-wavelength,  open-circuited  stubs  sepa¬ 
rated  by  quart er- wave l ength  connecting  lines  (all  lengths  are  referred 
to  the  center  frequency  of  the  stop-band).  The  design  method  consists 
of  first  choosing  a  suitable  low-pass  prototype,  say  an  equal-ripple  type 
for  which  design  tables  are  available,***  and  then  applying  formulas  that 
convert  the  low-pass  network  to  a  band-stop  t  r  ansmi  ssi  on- 1 1  ne  network.9*10 
Through  an  appropriate  choice  of  design  parameters,  the  trough  of  the 
equal-ripple  response  is  made  to  fall  in  the  pass-band  and  the  points  of 
infinite  at tenuat i on  are  made  to  fall  on  harmonic  frequencies  that  are  to 
be  rejected.  1,2  The  design  method  is  exact  and  the  band-stop  filter  re¬ 
sponse  is  a  precise  mapping  of  that  of  the  low-pass  prototype. 

A  strip-line  realization  of  a  second-harmonic  rejection  filter  is 
shown  in  Fig.  VI-1.  The  transmissi on- I ine  impedances  are  given  in 
Fig,  VI-2,  as  are  the  measured  and  theoretical  response  of  the  filter. 

The  peak  power  carrying  ability  of  a  filter  or  this  type  is  limited 
by  pi ate-to-pl ate  spacing  of  the  ground  planes.  This  in  turn  is  limited 
by  the  need  to  minimize  any  parasitic  junction  effects  in  order  to  fully 


Thia  iavaatigat ion  ia  reported  tn  wore  detail  in  Heft.  I  and  2.  (Beferencea  are  1  lated  at  the  end  of 
the  Met  ion. ) 
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FIG.  Vl-l  PHOTOGRAPH  OF  SECOND-HARMONIC-FREQUENCY  REJECTION  FILTER 
WITH  ONE  GROUND  PLANE  REMOVED 


v$wn 


FIG.  VI-2  MEASURED  AND  THEORETICAL  RESPONSE  OF  FILTER  OF  FIG.  VM 


realize  the  benefits  of  the  exact  design  method*  Thua  it  was  estimated 
that  a  coaxial-line  second-harmonic  rejection  filter  of  the  type  de¬ 
scribed  would  be  capable  of  transmitting  50  kw  peak  power  at  250  Me 
into  a  matched  load.2  A  strip-line  filter  would  have  a  slightly  lower 
peak  power  capacity. 
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VII  ATTENUATION  AND  TIRE  DELAY  OF  FILTERS* 


The  connection  between  attenuation  and  time  delay  of  band-pass 
filters  is  of  some  interest,  and  was  treated  in  detail  in  Quarterly 
Progress  Report  i.  2  That  report  considers  mainly  t ransmi ssi on- 1 i ne 
stepped- impedance  filters,3,4  such  as  quarter-wave  transformers  or  half¬ 
wave  filters.  It  is  shown2,4  that  the  t ransmi ssion- 1  ine  filters  reduce 
to  lumped-constant  filters  in  the  limit  as  the  parameter  R  (the  output- 
to-input  impedance  ratio  in  the  case  of  a  quarter-wave  transformer) 
tends  to  infinity. 
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FIG.  Vll-l  STEPPED-IMPEDANCE  FILTER 


Consider  a  s t epped- i mpedancc  filter  (Fig.  Vll-l).  \t  first,  suppose 
the  filter  to  be  free  of  dissipation  loss.  Let  |  a  f I  *  be  the  power  car¬ 
ried  by  the  forward  wave  in  the  first  cavity,  and  the  power  carried 

by  the  reflected  wave.  Similarly  for  other  cavities  up  to  ihe  nth 
cavity.  Let  s 


These  remit*  ere  developed  in  considerably  More  detail  in  (J»*rterlv  Program  Report  1. 
^  Reference*  are  listed  at  the  end  of  the  section. 
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Gross  Power  Flow  in  the  ith  Cavity 
Net  Power  Flow  in  the  ith  Cavity 


>  (VII- 1) 


Then  it  can  be  shown2  that  the  group  delay  (t^)0  at  center  frequency 
/ 0  and  with  the  notation  of  Fig.  VII-l  is  given  by 


f  t  d  ^  o 


(VI 1-2 ) 


where  A.  is  the  free-space  wavelength.  The  ratio  (/,/^  )^  is  therefore 

the  length  of  the  ith  cavity  measured  in  guide  wavelengths  at  center 
frequency  (assumed  to  be  an  integral  multiple  of  1/4),  and  *• 

the  dispersion  factor6,7  at  center  frequency  (equal  to  unity  for  non- 
dispersive  filters). 

It  has  been  shown s  that  the  dissipation  loss  (AL4)0  of  the  filter 
at  center  frequency,  when  small,  is  given  by 

-  (1  -  I,  ,1s)  2  *,1,1',  (VI 1-3) 

i  =  1 


where  fJ 0  is  the  input  reflection  coefficient.  This  can  be  showns  to  re¬ 
duce  to  Cohn's  formula8  for  1  limped -cons tan t  filters  when  B  tends  to 
infinity  [except  that  Cohn  omitted  the  factor  (1  *  |/^0|2)  so  that  Ins 
formula  is  less  accurate  for  reflecting  filters]. 

When  the  filter  is  matched  at  center  frequency  (  |/^0I  ■  0),  and  when 
the  filter  is  homogeneous  (all  the  \  the  same),  and  when  all  the  at¬ 
tenuation  constants  arc  equal,  then  it  follows  from  Kqs.  (VII-2)  and 
( VI I- 3)  that 

UU,)0  =  (VII. 4) 
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which  can  also  be  written 


(VII-5) 


0  *  "q~  f  0^  0 

where  Qu  is  the  unloaded  Q  of  each  cavity. 

A  series  of  ** universal **  curves  was  plotted2  for  the  attenuation 
and  group  delay  of  maximally  flat,  Chebyahev,  maximally  flat  time-delay, 
and  periodic  filters  for  1,  2,  3,  4,  8,  and  12  resonators.  Although  these 
curves  were  computed  for  quarter-wave  transformers,  they  were  plotted  in 
normalized  form  so  as  to  be  applicable  to  lumped-constant  filters  as  well 
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VIII  TRANSIENT  RESPONSE  OF  FILTERS  TO 
RECTANGULAR  AND  SINE-SQUARED  PULSES* 


A.  GENERAL 

One  of  the  most  pressing  common i r at i on  problems  of  today  is  the 
scarity  of  available  radio  frequency  bandwidth  in  relation  to  I  lie  steadily 
growing  demand.  Intimately  related  to  this  situation  is  the  general  prob¬ 
lem  of  radio  spectrum  conservation  and  the  reduction  and  ultimate  prevention 
of  radio- f requency  interference.  With  regard  to  these  problems,  it  is  ap¬ 
parent  that  the  operation  of  radar  and  communication  systems  at  minimum 
bandwidth  (consistent  with  the  required  information  rate)  is  of  fundamental 
importance.  Consider,  as  an  example  of  the  necessity  of  operating  a  com¬ 
munication  system  at  minimum  bandwidth,  a  hypothetical  pulse  radar  that 
transmits  pulses  whose  time  envelope  has  an  approximately  rectangular 
shape.  The  resulting  frequency  spectrum  of  a  single  pulse  has  a  (sin  x )  x 
shape.  Approximately  90  percent  of  the  total  energy  of  the  pulse  is  con¬ 
tained  in  the  “main  lobe”  of  the  (sin  x)/x  spectrum.  Hence,  about  lOpercent 
of  the  energy  remains  in  the  side  lobes.  In  the  case  of  high-power  radars 
having  peak  power  levels  of  several  megawatts,  the  energy  in  the  s i do  lobes 
can  be  considerable.  Although  much  of  the  side-lobe  energy  is  never  uti¬ 
lized  by  the  receiver,  because  of  receiver  selectivity,  systems  operating 
at  different  frequencies  may  be  severely  hampered  by  the  intensity  of  this 
side-lobe  energy.  Ilecause  of  this  interference  problem,  techniques  to  re¬ 
duce  the  width  of  the  transmitted  spectrum  are  of  considerable  interest. 

One  method  is  to  use  a  very  narrow  hand -pass  filter  to  suppress  the  unwanted 
side  lobes.  At  microwave  frequencies,  assuming  rectangular  pulse  lengths 
of  the  order  of  a  microsecond,  this  would  require  filter  band-widths  of 
approximately  one  percent  9  depend  i  ng  on  the  carrier  frequency.  A  .second 
method  is  to  shape  the  pulse  envelope  in  the  time-domain  by  appropriate 
modulation  of  the  transmitter  power  amplifier.  This  method  reduces  the 
side -lobe  energy  content  directly,  and  increases  the  energy  density  of  the 
main  lobe.  A  tin  rd  method  that  has  been  proposed  by  some  is  to  use  a 
pulse-shaping  filter;  i.e.,  a  filter  with  a  prescribed  frequency  response 
such  that  the  spectrum  of  an  input  pulse  is  modified  by  the  filter  to  give 

*  This  work  is  reported  in  wore  detail  in  Quarterly  Progress  Reporta  2  and  4. 
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a  particular  shaped  pulse  in  the  time  domain.1  This  type  of  filter  dif¬ 
fers  from  an  ordinary  band-pass  filter  which  merely  attenuates  frequencies 
outside  the  pass -band. 

During  t  li  i  s  study,  the  effects  on  pulse  shape  of  using  narrow- 
band  filters  to  reduce  the  spectrum  side  lobes  lias  been  considered  for 
rectangular  pulses  and  for  s i ne - squa red  pulses.  (With  the  latter  pulse 
shape,  of  course,  the  side- lobe  energy  has  a  1  ready  been  reduced  consider¬ 
ably  by  means  of  the  pulse  shaping  in  the  time  domain.)  In  such  use  of 
filters,  the  question  arises  as  to  how  much  of  the  pulse  energy,  i.e.t 
how  many  side  lobes,  can  be  suppressed  without  appreciable  distortion  of 
the  pulse.  As  is  well  known,  even  with  an  ideal  filter,  (i.e.,  constant 
amplitude  and  linear  phase  throughout  the  pass-hand)  the  suppression  of 
any  side  lobe  energy  at  all  causes  some  distortion  of  the  pulse  shape.2 
This  result  is  inherent  in  the  physical  problem.  What  is  more  important 
in  practical  situations  is  the  effect  of  the  amplitude  and  phase  character 
istics  of  actual  filters  on  the  transmission  of  radar  pulses.  For  this 
reason,  the  transfer  functions  of  several  practical  filter  types  were  used 
in  the  calculations.  The  transient  responses  were  obtained  using  Laplace 
and  Fourier  transform  methods. 3  Details  of  the  methods  are  given  elsewhere 

B.  LOW-PASS  PROTOTYPKS  AND  RELATIONSHIPS  TO  RAND-PASS  FILTERS 

The  actual  problem  of  interest  is  the  distortion  of  pulsed  microwave 
signals  as  they  are  passed  through  narrow-band,  band-pass  filters.  How¬ 
ever,  the  calculations  are  simplified  by  using  video  pulses  and  low- pass 
prototypes  whose  element  values  are  closely  related  to  those  of  the  band¬ 
pass  filters,  rather  than  pulse-modulated  \\V  carriers  (whose  envelope  is 
the  same  as  the  video  pulse)  and  hand -pass  filters.  Mathematical  justi¬ 
fication  for  using  this  simplified  method  of  obtaining  the  transient  re¬ 
sponses  is  given  elsewhere.4  Only  a  single  pulse  is  used  here,  but  the 
results  apply  to  a  train  of  pulses  where  t  lie  spacing  between  pulses  is 
sufficiently  long  that  the  transient  due  to  one  pulse  is  damped  out  before 
the  next  pulse  occurs.  Four  types  of  prototypes  were  used  in  this  study: 
(1)  the  equal-ripple  filter,  (2)  the  maximally  flat  filter,  (3)  the  maxi¬ 
mally  flat  time-delay  filter,  and  (  l )  the  equa 1 -e 1 ement  filter.  The  char¬ 
acteristics  of  the  first  three  of  these  filters  may  partially  be  described 
by  their  attenuation  or  phase  response  in  the  pass-hand.  Briefly,  the 
equa 1  - r i pple  filter  has  equal-ripple  attenuation  peaks  in  the  pass-band; 


*  References  * re  listed  the  end  of  the  nertion. 


the  maximally  flat  filter  has  an  attenuation  characteristic  that  is  maxi¬ 
mally  flat  at  zero  frequency  in  the  low-pass  prototype;  and  the  maximally 

flat  time-delay  filter  exhibits  a  time-delay  cha rac te ri s t i c  that  is  maxi¬ 
mally  flat  at  zero  frequency  in  the  low-pass  prototype.  For  all  the  low- 

pass  prototypes,  zero  frequency  corresponds  to  mid-band  frequency  of  the 
band-pass  filters.  The  equa 1 -e lement  filter  can  be  distinguished  from 
the  others  primarily  by  its  element  values.  The  low-pass  prototype  for 
the  equa 1 -e 1 ement  consists  of  a  ladder  network  of  series  inductances  and 
shunt  capacitances  whose  normalized  series  and  shunt  elements  are  all  of 
equal  numerical  value.6  (The  generator  and  load  terminations  of  the  equal- 
element  filter  are  equal  to  each  other,  but  are  not  necessarily  equal  nu¬ 
merically  to  the  normalized  reactive  elements.)  Of  the  four  filters,  the 
equa 1 -e lement  filter  can  be  shown  to  have  the  following  characteristics 
for  a  given  degree  of  selectivity:6*7 

(1)  Maximum  power-handling  capabili  ty 

(2)  Minimum  midband  dissipation  loss  (when  the  loss  is  small) 

(3)  Simplified  construction  and  alignment  procedures,  since 
all  internal  coupling  elements  and  spacings  are  identical. 

For  these  reasons  microwave  filters  designed  from  equa 1  - e 1  emeu t  proto¬ 
types  may  be  of  increased  importance  in  the  future. 

In  order  to  compare  the  transient  properties  of  the  various  filter 
types,  it  is  necessary  to  specify  bandwidth.  The  definition  that  appeared 
best  suited  for  this  particular  study  is  the  following: 

(1)  For  low-pass  filters — The  bandwidth  is  defined  as  the 
frequency  at  which  the  transducer  loss*  rises  tn  30  db. 

(2)  For  band-pass  filters — The  bandwidth  is  defined  as  the 
difference  of  the  frequencies  at  which  the  transducer  loss 
rises  to  30  db. 

Since  filter  specifications  usually  require  that  the  transducer  loss  ex¬ 
ceed  some  given  value  at  a  given  freuqency  in  the  stop-band,  the  above 
definition  permits  comparison  on  the  basis  that  the  four  types  of  filters 
have  equal  bandwidths  to  some  point  in  the  stop-band.  Although  the  choice 

*  Transducer  loss  i*  defined  •«  10  wNere  1#  th*  *ow*r  ***l,*ble  trom  thf! 

vkeii  the  load  presents  a  coajufnte  Match  to  the  generator,  add  ia  the  power  delivered  to  the  load  re- 
•istaace  »h«a  the  filter  ia  id  place.  The  transducer  loss  is  always  greater  than  or  equa)  to  iero  db. 

Id  the  case  of  equal  add  purely  real  geaerator  and  load  impedances,  transducer  loss  is  the  s»«e  ss  the 
More  conaranly  used  insertion  loaa. 
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of  the  30-db  frequencies  is  somewhat  arbitrary  in  defining  band-width, 
it  is  believed  that  the  value  of  30-db  transducer  loss  is  a  suitable 
compromise  between  smaller  and  larger  values. 

Direct  comparison  of  the  various  filter  types  is  often  made  difficult 
by  the  fact  that  bandwidth  is  commonly  defined  in  a  different  way  for  each 
filter  type.  For  the  equal-ripple  prototype  bandwidth  is  usually  meas¬ 
ured  to  a  point  on  the  response  skirts  that  has  the  same  transducer  loss 
as  the  transducer  loss  existing  at  the  ripple  peaks.  For  the  maximally 
flat  prototype,  the  bandwidth  is  usually  measured  to  the  frequency  where 
the  transducer  loss  is  3  db.  For  the  maximally  flat  time-delay  prototype, 
the  radian  bandwidth  is  usually  considered  to  be  the  reciprocal  of  the 
zero-frequency  time  delay.  No  convention  has  been  established  for  defining 
the  bandwidth  of  equa l -e 1 emen t  prototypes.  As  explained  previously,  all 
of  the  filters  considered  in  this  study  are  compared  on  the  basis  of  having 
equal  bandwidth  to  some  point  in  the  stop-band  —  specifically,  to  the  fre¬ 
quency  of  30-db  transducer  loss  when  no  dissipation  loss  is  present.  The 
ratios  of  the  more  conventional  bandwidths  to  the  30-db  bandwidth  are  shown 
in  Figs.  VIIl-1  and  VIH-2  to  aid  the  reader  in  relating  the  30-db  band¬ 
width  to  quantities  with  which  he  may  be  more  familiar.  A  comment  is  in 
order  concerning  the  six-reactive-element,  equa 1  - e lement  prototype.  For 
this  prototype,  the  last  ripple  in  the  pass-band  is  slightly  higher  than 
3  db;  the  3-db  bandwidth  plotted  in  Fig.  VI1I-1  is  measured  to  the  last 
3 -dli  frequency. 

All  low-pass  prototypes  used  in  this  study  are  in  the  form  of  ladder 
networks,  as  shown  in  Fig.  VIII-3.  The  gyf  i  =  1,  2,...,  n,  are  capaci¬ 
tance  in  farads  for  the  shunt  reactive  elements,  and  are  inductance  in 
henries  for  the  series  reactive  elements.  The  hi  are  conductance  in  mhos 
for  the  shunt  elements,  and  are  resistance  in  ohms  for  the  seri es  e lement s . 
for  filters  with  zero  dissipation  loss  within  the  filter  elements,  all 
of  the  ht  are  zero.  Each  termination  is  a  pure  resistance  in  ohms  if 
the  adjacent  reactive  element  is  a  shunt  element,  or  a  pure  conductance 
in  mhos  if  the  adjacent  reactive  element  is  a  series  element.  Several 
tables  are  available  for  the  gt  required  to  give  equa 1  - r i pp 1 e ,  maximally 
flat,  and  maximally  flat  time-delay  types  of  transfer  functions  for 
dissipationless  prototypes.  8,9,10  The  h  t  are  made  greater  than  zero  to  take 
dissipation  loss  into  account.  In  introducing  dissipation  loss  into  the 
prototypes  used  in  this  study,  the  same  values  of  gf  are  used  in  both  the 
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n  •  NUMBER  Of  REACTIVE  ELEMENTS 

A-40M-M 


FIG.  Vlll-l  RATIO  OF  3-db  AND  3Mb  BANDWIDTHS 
FOR  FOUR  FILTER  TYPES 


n  >  NUMBER  OF  REACTIVE  ELEMENTS 

A-  MH-II 


FIG.  VI 1 1-2  ADDITIONAL  BANDWIDTH  COMPARISONS  FOR  EQUAL 
RIPPLE  AND  MAXIMALLY  FLAT-TIME-DELAY 
FILTERS 
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FIG.  VI 11-3  LOW.RASS  PROTOTYPE  WITH  LOSS  ELEMENTS  INCLUDED 


the  lossless  and  the  corresponding  lossy  case.  Note,  therefore,  that  the 
descriptions  equal-ripple  and  maximally  flat  used  in  this  report  describe 
the  filter  characteristics  when  there  is  no  dissipation  loss.  Dissipation 
loss  will  obliterate  the  ripples  in  the  transfer  function  of  the  equal- 
ripple  filter,  and  the  maximally  flat  filter  will  no  longer  have  the 
flattest  possible  transfer  function  at  midband.  Filters  having  true  maxi¬ 
mally  flat  or  equal-ripple  responses  when  dissipation  loss  is  present  have 
not  been  considered  in  this  study,  since  it  has  been  shown  that  these 
filter  types  have  higher  dissipation  loss  for  a  given  resonator  unloaded 
Q.  Ml 

The  study  of  the  effects  of  dissipation  loss  on  the  transient  response 
of  filters  has  been  limited  to  the  typical  situation  in  microwave  filters 
where  all  of  the  resonators  in  a  given  filter  have  equal  values  of  unloaded 
Q.  The  corresponding  low-pass  prototypes  have  equal  values  of  the  ratio 
ht /g.  for  each  of  the  pairs  of  reactive  and  lossy  elements.  Thus,  for  each 
filter,  a  parameter  that  will  be  called  dissipation  factor  can  be  defined  as 

h 

d  •  —  ,  i  ■  1,2 .  n  (VIII-1) 

where  n  is  the  number  of  reactive  elements  in  the  prototype.  For  most 
types  of  microwave  filters,  n  will  also  be  the  number  of  resonators  in 
the  filter.  For  the  prototypes  considered  in  this  report,  the  parameter 
d  was  chosen  to  correspond  with  3-db  increase  in  transducer  loss  at  mid¬ 
band  for  the  band-pass  filter  as  a  result  of  dissipation.  (The  prototypes 
than  have  3-db  increase  in  transducer  loss  at  tero  frequency.)  Also,  the 
midband  dissipation  loss  can  be  related  to  the  product  of  band-pass  filter 
fractional  bandwidth,  and  the  unloaded  Q  of  the  resonators,  Qu . 
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The  specific  definition  of  bandwidth  is  given  by 


"a  *  "i  , 

"»*  *  -  ( VI II -2 ) 

“o 

where  ojj  and  o>2  are  the  lower  and  upper  frequencies,  respectively,  where 
the  transducer  loss  of  the  dissipationless,  band-pass  filter  is  30-db, 
and  o>0  -  0.5(a>j  +  )  is  the  midband  frequency  of  the  band-pass  filter. 

The  values  of  "30  **0*  corresponding  to  the  transient  responses  presented 
in  this  report  are  tabulated  in  Table  VIII-1  for  refe  rence.  The  value 
3  db  was  chosen  as  a  probable  upper  limit  on  the  amount  of  dissipation 
loss  that  could  be  tolerated  for  the  proposed  application,  where  the 
filter  would  follow  a  high-power  radar  transmitter  tube. 


Table  VIII-1 

PRODUCT  OF  30-DB  FRACTIONAL  BAND*  I  DTK  AND  UNLOADED  Q  FOB 
BAND-PASS  FILTERS  *ITH  3-DB  MIDBAND  DISSIPATION  LOSS 
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Three- resonators  filters 
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Six-resonator  filters 
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20.4 
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22.8 

To  orient  the  reader  with  respect  to  the  differences  in  the  filter 
types  considered  in  this  report,  the  magnitude  of  the  voltage  transfer 
functions  are  plotted  in  Fig.  VIII-1  for  the  four  prototypes  having  six 
reactive  elements  each.  In  this  report,  transfer  function  refers  to  the 
ratio  of  the  voltage  across  the  load,  E { ,  to  the  generator  voltage,  E^t 
with  the  transfer  function  normalized  to  unity  maximum  value.  Note  that 
there  is  considerable  difference  in  the  shapes  of  the  transfer  functions 
for  the  four  prototypes.  Also  shown  in  Fig.  VIII  -4  is  the  voltage  spec¬ 
trum  of  a  rectangular  and  of  a  sine-squared  pulse.  For  the  rectangular 
pulse  the  expression  for  the  voltage  spectrum  normalized  to  unity  at  zero 
frequency  isu 
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FIG.  VMM  TRANSFER  FUNCTIONS  OF  SIX-RE  ACTIVE- ELEMENT 

PROTOTYPES  AND  SPECTRUM  OF  INPUT  RECTANGULAR 
AND  SINE-SQUARED  PULSE 


For  the  sine-squared  pulse  the  expression  for  the  voltage  spectrum  norm¬ 
alized  by  unity  at  zero  frequency  is13 


sin 


(VI 1 1 -4) 


The  width  ^ ' 
of  the  first 


of  the  input-pulse  * pert  rum 
zero-crossing.  A  parameter 
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is  defined  here  the  frequency 
that  will  he  used  throughout  this 


report  is  the  ratio  /3  of  the  spectrum  bandwidth  to  the  filter  bandwidth, 
as  defined  by 

co‘ 

fi  -  —r—  .  (vm  -5 ) 

where  the  frequency  at  which  the  transfer  function  of  the  low- 

pass  prototype  is  down  30  db,  as  shown  in  Fig.  VIII-4.  This  ratio  can 
also  be  written  directly  in  terms  of  the  pulse  length  T,  in  seconds,  and 
the  filter  bandwidth,  in  cycles  per  second: 


Rectangular  Pulse 

0  • 

1 

2 

(VIII-6) 

^30  db 

2 

T^t  -  /,) 

\ 

Sine-Squared  Pulse 

0  ■ 

Tf'»  + 

Tlf 2  ~  /,) 

( VI 1 1 -7 ) 

where  /'0  *  r,,3o  d/~7/  *s  the  30-db  frequency  for  the  low-pass  prototype, 

and  /j  and  /2  are  the  lower  and  upper  30-db  frequencies,  respectively, 
of  the  corresponding  band-pass  filter.  For  each  filter  type,  the  ratio 
/?  is  defined  assuming  no  dissipation  loss  within  the  filter.  In  com¬ 
paring  the  curves  presented  in  Parts  C  and  I),  note  that  f*  increases  as 
either  pulse  length,  or  filter  bandwidth,  or  both  are  decreased. 

C.  TRANSIENT  RESPONSES  TO  RKCTANGI'LAK  PULSE  SIGNALS 

The  transient  responses  to  rectangular  pulse  signals  are  given 
graphically  in  this  part  for  two  representative  values  of  /*.  (A  more  de¬ 
tailed  presentation  end  several  more  responses  are  given  in  Ref.  4). 

Also,  quantitative  data  of  relat  ive  peak  overshoot ,  rise-time,  delay-tiae, 
and  ringing  f me  are  presented  in  Table  VIII-2  for  the  cases  of  ■  0.1. 
These  parameters  are  useful  for  describing  and  comparing  the  responses 
to  rectangular  pulses  of  the  four  filter  types  investigated  in  this  study. 

The  responses  of  the  four  filter  types  to  s  rectangular  pulse  having 
a  pulse-spectrum- to- fi 1  ter -bandwidth  ratio  of  /*  ■  0.1  are  given  in 
Figs.  VI II- 5  and  VIII-6.  Figure  VI 11-5  shows  the  responses  of  the  four 
filter  types  having  three  reactive  elements  with  and  without  dissipation 
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FIG.  VIII-5  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITH  AND  WITHOUT  LOSS 
HAVING  THREE  REACTIVE  ELEMENTS  (Pulse-Baidwidth-to-Filtar-Bandwidth  Ratio  fi  - 
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FIG.  VIII-6  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITH  AND  WITHOUT  LOSS 
HAVING  SIX  REACTIVE  ELEMENTS  (Pulse-Bondwidth-to-Filter-Bondwidth  Ratio  =  0.1) 


Table  VIII. 2 

CHARACTERISTICS  OF  TRANSIENT  RESPONSES  TO  RECTANGULAR  PULSES 
FOR  THREE-  AND  SIX-REACTIVE-ELEMENT  FILTER  PROTOTYPES 
(Pulse-bandwidth-to-filter-bandwidth  retio  >3  *  0.1) 


0. 1 -db 
RIPPLE 

•EQUAL- 

FILTER 

EQUAL-ELEMENT 

FILTER 

— 

MAXIMALLY 
FLAT  FILTER 

MAXIMALLY 
FUT  TIME- 
DELAY  FILTER 
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DD 

BD 

BD 

QB 
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nw 

on 

Overshoot,  percent: 

(t)  Lossless  esses 

10% 

18% 

10% 

13% 

8% 

14% 

0.6% 

0.6% 

(b)  3-db-loss  esses 

6% 

13% 

6% 

10% 

4% 

10% 

0.3% 

0.4% 

Ten -to- 90- percent  rise  tine, 
fraction  of  pulse  length: 

(s)  Lossless  esses 

0.105 

0.06RR 

0.102 

0.0687 

0.115 

0.0762 

0.152 

0.102 

(b)  3-db-loss  esses 

0.108 

0.0712 

0.106 

0.0712 

0.118 

0.0787 

0.144 

0.102 

Delay  tine,  fraction  of 
pulse  length: 

(s)  Lossless  esses 

0.102 

0. 11R 

0.  A 02 

0.120 

0.108 

0.118 

0.11R 

0.127 

(b)  3-db-loss  cases 

0. 008 

0.116 

0.098 

O.llfi 

0.100 

0.113 

0.105 

0.120 

Number  of  ripple  extremes 
deviating  from  unity  by 
more  than  ill: 

(s)  Lossless  esses 

3 

8 

3 

>13 

2 

4 

0 

0 

(b)  3-db-loss  esses 

2 

4 

2 

9 

1 

2 

0 

0 

Net«:  fl  s  neater  of  reactive  cliaMta. 

loss;  Fig.  VIII-6  shows  the  responses  of  the  four  filter  types  having 
six  reactive  elements  with  and  without  dissipation  loss.  The  curves  in 
these  figures  are  displaced  from  each  other  by  one  graph  division  to  re¬ 
duce  overlap.  However,  they  are  still  close  enough  to  permit  easy  visual 
comparison.  The  solid  curves  are  for  the  cases  with  no  dissipation  loss 
within  the  filters,  and  the  dashed  curves  are  for  the  cases  with  an  increase 
in  transducer  loss  of  3  db  at  zero  frequency  due  to  dissipation  loss  within 
the  filter.  For  convenience  in  making  visual  comparisons  of  overshoot,  the 
amplitude  for  the  transient  responses  to  rectangular  pulses  has  been 
normalized  so  that  the  top  of  the  pulse  approaches  unity  as  the  ringing 
is  damped  out.  Significant  characteristics  of  the  responses  of  each  curve 
in  Figs.  VIII-5  and  VIII-6  are  summarized  in  Table  VI 1 1  -  2 .  Since  the 
transient  curves  are  normalized  to  unity  amplitude  as  the  ringing  is 
damped  out,  amplitudes  are  expressed  in  Table  V 1 1 1  -  2  as  a  fraction 
of  unity.  Also,  all  time  scales  are  normalized  with  respect  to  the 
length  of  the  input  pulse,  so  that  the  times  in  Table  V 1 1 1  - 2  are  expressed 
as  fractions  of  the  input  pulse  length.  The  quantity  labeled  overshoot 
is  the  amount  by  which  the  first  peak  of  the  transient  exceeds  unity,  and 
is  expressed  in  percent.  The  10-to-^O  percent  rise  time  is  measured  from 
the  time  at  which  the  output  pulse  equals  0.1  to  the  time  that  it  first 
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equals  0.9.  The  delay^time  is  measured  from  the  time  that  the  input  pulse 
is  applied  to  the  filter  to  the  time  that  the  output  pulse  reaches  a  value 
of  0.5.  (This  definition  of  delay  time  is  conveniently  read  from  the  time- 
response  curves,  but  is  not  the  same  as  the  definition  of  group  delay  time 
discussed  in  Sec.  Ill  of  Quarterly  Progress  Report  1  on  this  contract.14) 
Ringing  of  the  different  filter  types  is  described  here  by  the  number  of 
ripple  extremes  that  exceed  plus  or  minus  one  percent.  For  example,  the 
next  to  last  row  in  Table  VIII-2  shows  that  the  transient  for  the  equal- 
element  filter  goes  past  1.01  once,  then  goes  below  0.99,  and  then  above 
1.01  again  before  the  top  of  the  pulse  stays  within  the  limits  0.99 
to  1.01. 

The  effect  on  the  transient  response  of  narrowing  the  filter  band¬ 
width  relative  to  the  pulse-spectrum-bandwidth  is  demonstrated  by  the 
curves  of  Figs.  VIII-7  and  VIII-8,  in  which  the  cases  *  0.4  are  given. 

D.  TRANSIENT  RESPONSES  TO  SINE-SQUARE!)  PULSE  SIGNALS 

The  transient  responses  to  sine-squared  pulse  signals  are  given  graph¬ 
ically  in  this  part  for  two  representative  values  of  /*.  (A  more  detailed 
presentation  and  several  more  responses  are  given  in  Ref.  5.  )  Also,  quan¬ 
titative  data  of  relative  energy  transmission,  relative  peak  amplitude 
transmission,  relative  peak  undershoot,  and  delay-time  are  presented  in 
Table  VIII *3  for  *  0.2,  0.4,  0.*,  and  0.8.  These  parameters  are  useful 
for  describing  and  comparing  the  responses  to  sine-squared  pulses  of  the 
four  filter  types  investigated  in  this  study. 

The  responses  of  the  four  filter  types  having  three  and  six  reactive 
elements  to  a  sine-squared  pulse  for  fi  *  0.2  are  given  in  Figs.  VIII-9 
and  VIII-10,  respectively;  those  for  Z5  *  0.8  are  given  in  Figs.  VIII-11 
and  VI 1 1 -12 ,  respectively.  The  curves  of  these  figures  have  been  nor 
malised  by  multiplying  the  transient  response*  by  *  constant  that  makes  the 
maximum  value  of  the  transfer  function  equal  to  unity.  This  normalisation 
procedure  is  equivalent  to  that  used  for  rectangular  pulses  except  in  the 
cases  of  the  six-reactive-element,  equal-ripple  filter.  However,  this 
particular  normalisation  procedure  ensures  that  the  relative  energy  trans¬ 
mission  will  be  less  than  or  equal  to  100  percent. 

In  Figs.  VI1I-0  through  V1I1-12,  the  transient  responses  are  for  the 
cases  in  which  the  filters  have  no  internal  dissipation  loss.  Hesponses 
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FIG.  VII 1-7  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITH  AND  WITHOUT  LOSS 
HAVING  THREE  REACTIVE  ELEMENTS  (Pulse-Bondwidth-to-Filt«r-Bandwidth  Ratio  » 
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FIG.  VIII-8  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITH  AND  WITHOUT  LOSS 
HAVING  SIX  REACTIVE  ELEMENTS  (Puls«-Bandwidfh-to-Filter-Bondwidth  Ratio  .i  =  0.4) 


FIG.  VIII-9  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITHOUT  LOSS  HAVING  THREE 
REACTIVE  ELEMENTS  (Pul *e-Bondwidth-to-Filter-Band width  Ratio  -  0.2) 


FIG.  VIII-10  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITHOUT  LOSS  HAVING  SIX 
REACTIVE  ELEMENTS  (Piilta-Bondwidth-to-Filter-Bondwiddi  Ratio  -  0.2) 
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FIG.  Vlll-n  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITHOUT  LOSS  HAVING  THREE 
REACTIVE  ELEMENTS  (Pul*6-Bondwidth-to-Filter-Bandwidth  Ratio  '  *  0.8) 


FIG.  VIII-12  TRANSIENT  RESPONSE  CURVES  FOR  FOUR  FILTER  TYPES  WITHOUT  LOSS  HAVING  SIX 
REACTIVE  ELEMENTS  (Pul*e-Bondwidth-»o-Filter-Bandwidth  Ratio  -  0.8) 


Table  V I  1 1  -  3 


CHARACTERISTICS  OF  TRANSIENT  RESPONSES  TO  SINK -SQUARED  PULSES 
FOR  THREE-  AND  SIX-REACTIVE  EI£MKNT  LOSSLESS  FILTER  PROTOTYPES 


R 

0.1-db 

EQUAL-RIPPLE 

FILTER 

EQUAL- 

ELEMENT 

FILTER 

MAXIMALLY 
FLAT  FILTER 

MAXIMALLY 
FLAT  TIME- 
DELAY  FILTER 

pyQ 

N  «  3 

QBQ 

DB 

N  »  6 

S  •  3 

N  •  6 

Relative  energy 

0.2 

m 

OR.  2 

00.8 

90.0 

100 

06.2 

08.1 

transmission, 

0.4 

ESI 

9R.7 

98.6 

08.1 

86.3 

percent 

0.6 

usl 

9R.8 

07.4 

90.9 

00. 0 

74.7 

O.R 

Ufifl 

OR. 7 

93.0 

80.9 

98. Q 

63.9 

Relative  peak 

0.2 

00.3 

08.2 

00.2 

00.8 

100 

100 

07.1 

OR. 3 

amplitude  trans¬ 

0.4 

09.4 

08.7 

00.3 

98.0 

07.7 

00.0 

88.7 

94.4 

mission,  percent 

0.6 

03.1 

OR,  fl 

93.4 

98.6 

88.0 

90.0 

77.4 

8fi.  1 

O.R 

R3.2 

OR. 7 

R3.8 

97.0 

7R.0 

07.1 

66.7 

80.4 

Relative  peak 

0.2 

0.4 

0.7 

0.2 

0.3 

1.2 

0.4 

0.1 

0.0 

undershoot , 

0.4 

mnm 

2.2 

3.3 

0.3 

4.7 

1.8 

0.0 

percent 

0.6 

Kgfl 

4.0 

9.  3 

2.0 

7.2 

4.4 

0.6 

0.1 

O.R 

mm 

7.6 

11.6 

5.3 

7.3 

10.0 

0.6 

0.2 

Delay  time, 
fraction  of  a 

0.2 

11 

10 

11 

10 

10 

12 

13 

0.4 

20 

22 

22 

22 

22 

24 

26 

pulse  length  in 

0.6 

32 

34 

31 

34 

34 

33 

33 

38 

percent 

O.R 

43 

46 

43 

46 

43 

46 

46 

51 

Note:  N  -  number  of  reactive  elements. 

of  the  equal-element  filter  with  3 - <1  b  dissipation  loss  at  zero  frequency 
are  given  elsewhere,5  as  typical  examples  of  the  effects  of  internal 
dissipation  loss  on  the  transient  responses.  In  general  the  effects  were 
qualitatively  the  same  as  those  for  rectangular  pulses.  That  is,  over¬ 
shoot  was  decreased,  ringing  was  damped  and  the  delay-time  was  decreased. 


The  parameters  relative  energy  transmission,  relative  peak  amplitude 
transmission,  relative  peak  undershoot  and  delay-time  are  tabulated  in 
Table  VI 1 1 -3  for  =  0.2,  0.4,  0.6,  and  0.8.  Relative  energy  transmission 
is  defined  as  the  ratio  of  energy  that  is  delivered  to  the  load  resistor 
with  a  filter  inserted  between  it  and  the  generator,  divided  by  the  energy 
delivered  to  the  load  resistor  when  it  is  matched  to  the  generator  by  an 
ideal  transformer.  Relative  peak  amplitude  transmission  is  defined  as  the 
ratio  of  the  peak  amplitude  of  the  output  pulse  and  the  peak  amplitude  of 
the  input  pulse.  Relative  peak  undershoot  is  defined  as  the  ratio  of  the 
maximum  undershoot  at  the  trailing  edge  of  the  output  pulse  and  the  maxi¬ 
mum  amplitude  of  the  input  pulse.  For  the  cases  of  sine-squared  pulse 
signals,  delay-time  is  defined  as  the  value  of  r  for  which  the  cross¬ 
correlation  of  the  input  and  output  pulse  is  a  maximum.  It  is  shown  else¬ 
where5  that  the  delay-time  obtained  from  this  definition  is  the  time  for 
which  t lie  output  pulse  energy,  measured  over  an  interval  of  a  pulse  length, 
is  a  maximum  provided  that  the  output  pulse  is  not  badly  distorted. 
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K.  DISCUSSION 


A  few  observations  remain  to  be  made  concerning  the  various  filters. 
From  the  standpoint  of  faithful  reproduction  of  either  rectangular  or 
sine-squared  pulses,  there  are  only  small  differences  between  the  equal- 
element,  the  0.1-db  equa l - r i pp l e ,  and  the  maximally  flat  filter  types. 
(Recall  that  this  comparison  is  made  on  the  basis  that  each  filter  has 
the  same  bandwidth  measured  between  frequencies  of  30-db  transducer  loss.) 
The  maximally  flat  time-delay  filter  has  the  cha rac ter i st ic t  which  may  be 
useful  for  some  applications,  that  there  is  essentially  no  overshoot  at. 
the  leading  edge  for  rectangular  pulse  inputs,  and  essentially  no  under¬ 
shoot  at  the  trailing  edge  for  either  rectangualr  or  sine-squared  pulse 
inputs.  On  the  other  hand,  this  same  filter  transmits  less  of  the  total 
input  energy  than  the  other  three  types  of  filter,  and  has  somewhat  slower 
rise  and  fall  times  for  rectangular  pulse  inputs. 

In  comparing  filters  with  different  numbers  of  resonators,  it  is  seen 
that  a  larger  pu Ise- spectrum- to* fi l ter* bandwidth  ratio  can  be  used  for  six- 
resonator  filters  than  for  tl»  ree  -  resonator  filters  before  the  output  pulse 
shape  is  seriously  degraded.  By  seriously  degraded,  we  mean  that  the  rec¬ 
tangular  pulse  becomes  rounded  off,  and  the  s i  lie-squared  pulse  is  stretched 
in  time  anti  has  ringing  introduced  at  the  trailing  edge.  The  superiority 
of  filters  with  a  larger  number  of  resonators  is  in  part  due  to  the  fact 
that  the  pass-band  more  nearly  approaches  a  rectangular  shape,  although 
the  phase  characteristics  probably  are  also  important. 

The  main  effects  of  dissipation  loss  within  the  filter  elements, 
aside  from  the  reduction  in  output  amplitude,  are  to  reduce  the  magnitude 
of  overshoot  and  undershoot  when  they  occur,  and  to  shorten  the  length  of 
time  during  which  ringing  occurs.  These  effects  tend  to  even  further 
reduce  the  small  differences  in  the  transient  responses  of  the  equal- 
element,  the  0. I -db  equal - ri ppl e,  and  the  maximally  flat  filter  types. 

It  is  also  of  interest  to  compare  some  of  the  characteristics  of  the 
two  pulse  shapes  used  in  this  study.  For  all  filters  it  is  found  that 
the  main  lobe  of  the  input  pulse  spectrum  can  fill  a  larger  fraction  of 
the  filter  bandwidth  before  serious  degradation  of  the  pulse  shape  occurs 
when  the  input  pulse  has  sine-squared  shape  rather  than  rectangular  shape. 
This  is  related  to  the  fact  that  the  sine-squared  pulse  has  less  than 
0.2  percent  of  its  energy  in  the  side  lobes  of  the  frequency  spectrum, 
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whereas  the  rectangular  pulse  has  approximately  10  percent.  Thus,  at¬ 
tenuation  or  incorrect  phase  delay  of  the  spectrum  side-lobe  energy  will 
hare  less  effect  on  the  sine-squared  pulse  than  on  the  rectangular  pulse. 

There  are  several  practical  questions  related  to  the  use  of  narrow- 
band  filters  for  the  suppression  of  spurious  frequencies  near  the  carrier 
frequency  of  pulsed  radars.  One  of  these  is  what  the  shape  is.  in  the 
time  domain,  of  the  pulse  reflected  back  to  the  RF  power  amplifier.  A 
related  question  is  whether  this  reflected  pulse  will  interfere  with 
proper  operation  of  the  power  amplifier.  Also,  it  is  well  known  that 
high-power  RF  amplifier  tubes  such  as  are  commonly  used  in  pulsed  radar 
have  highest  efficiency  when  operating  at  their  maximum  rated  power 
output.  If  the  RF  power  amplifier  is  driven  or  modulated  to  produce  a 
shaped  output  pulse,  the  amplifier  is  not  working  at  peak  efficiency  at 
all  instants  in  time  during  the  pulse,  snd  thus  the  average  efficiency 
will  be  reduced.  Another  way  to  obtain  a  rounded  pulse  would  be  to  feed 
a  rectangular  pulse  from  the  RF  power  amplifier  into  a  narrow-band  filter 
to  suppress  the  spectrum  side  lobes,  thus  losing  part  of  the  pulse  energy. 
It  would  be  of  interest  to  compare  the  over-all  efficiencies  of  these 
two  methods  of  obtaining  a  rounded  output  pulse. 
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A.  GENERAL 


IX  A  TUN-FILM  BOLOMETER* 


A  first  step  in  reducing  RFI  emission  from  a  microwave  transmitter 
is  the  accurate  determination  of  the  total  power  in  all  the  undesired 
frequency  components  traveling  in  the  waveguide  transmission  line.  A 
power  meter  that  operates  over  an  extremely  broad  band  and  doe's  not 
discriminate  against  power  in  any  mode  that  might  exist  within  the  mass* 
urement  band  would  be  a  very  useful  RFI  monitoring  device.  This  section 
describes  work  done  on  developing  a  thin-film  bolometer  for  that  purpose.1 
In  practice  it  would  be  used  to  measure  the  power  in  a  waveguide  from 
which  the  main  output  had  been  filtered  out.1,2 

Thin-film  and  wire  bolometers  of  various  forms  have  been  used  in 
the  past  as  single-mode,  waveguide,  power-measuring  devices.  3-7  These 
earlier  forms,  which  did  not  cover  the  full  cross-section  of  the  wave¬ 
guide,  were  inherently  less  sensitive  to  power  in  higher  modes,  the  TK20 
mode  for  example. 

A  film  bolometer  that  covers  the  full  waveguide  cross-section,  on 
the  other  hand,  must  intercept  and  therefore  measure  the  flow  of  power, 
no  matter  what  the  mode  or  frequency.  The  ability  of  the  film  bolometer 
to  measure  the  combined  power  in  two  modes  at  different  frequencies,  with 
minor  loss  of  accuracy,  was  shown  by  the  experiments  described  herein. 
Also  separate  power  measurements  were  made  on  the  TKJ0,  the  TK0(,  and  the 
TE20  modes. 

B.  MATERIALS  AND  METHODS 

A  variety  of  different  conductive  film  materials  and  substrates  were 
used  in  experiments  to  devise  a  stable,  sensitive  bolometer  film  for  «S- 
band  waveguide  (2.840  *  1.340  inch  I.l>.  ).  Figure  IX-1  shows  some  sample 
films;  the  upper  left  film  is  silver  paint  on  tracing  paper,  the  upper 
right  is  gold  on  mica,  the  two  center  films  are  gold  on  glass  mounted  on 


*  Tilts  sorb  ts  report  ad  in  rots  datail  »n  Rtf.  1.  (Rtftrtnett  art  Itatad  at  tha  tad  of  the  taction.) 
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FIG.  IX-1  FILM  BOLOMETERS  OF  SEVERAL  SHAPES  AND  MATERIALS 
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FIG.  IX-2  TRANSVERSE  FILM  BOLOMETER 


(but  insulated  from)  metal  frames  and  the  lower  film  is  gold  on  mica. 

The  rectangular  films  were  mounted  as  shown  in  Fig.  1X*2,  while  the 
rhombic  film  was  mounted  as  shown  in  Fig.  IX-3.  Both  film  shapes  inter* 
cept,  but  do  not  completely  absorb,  the  power  flowing  in  the  waveguide. 

The  conductive  film  was  insulated  from  the  waveguide  in  each  case. 

A  dc-substi tut  ion  bridge  that  was  constructed  for  the  purpose  was  used 
to  measure  the  microwave  power  absorbed  by  the  film.  (A  commercial 
microwave  power  meter  was  used  at  first  but  was  later  found  to  be  less 
accurate.)  The  bridge  arms  consisted  of  small  adjustable  wire-wound 


FIG.  IX-3  RHOMBIC  FILM  BOLOMETER 


power  resistors.  Film  resistivi ties  were  of  the  order  of  400  ohms  per 
square  for  transverse  films,  which  is  approximately  equal  to  the  wave 
impedance  (far  from  cutoff).  The  optimum  film  resistance  for  maximum 
power  transfer  to  the  film  bolometer,  with  a  matched  source,  is  equal 
to  the  waveguide  impedance  when  the  film  is  backed  by  a  properly  spaced 
short  circuit,  and  half  the  waveguide  impedance  when  the  film  is  backed 
by  a  matched  load.  Lower  resistance  values  were  found  to  be  desirable 
for  the  rhombic  film.  Transfer  of  power  to  the  bolometer  was  calculated 
from  the  measured  forward  power  flow,  the  VSWR,  and  the  measured  or 
calculated  power  transmitted  to  the  load  (if  any)  behind  the  bolometer. 

Tests  were  performed  on  waveguide  film-bolometers  at  frequencies 
from  S-  through  iY-band  and  for  the  TEl0,  TK01,  and  TE20  modes,  both  for 
single  frequencies  and  for  combinations  of  two  frequencies  in  cross- 
polarized  modes.  Mode  suppressing  septums  were  used  for  mixing  the  power 
in  two  frequencies  and  modes  in  a  single  film.  The  fraction  of  power 
absorbed  by  the  film  from  each  mode  was  calculated  after  first  measuring 
the  forward  power  in  each  mode  and  the  VSWR  of  that  mode.  The  total 
power  absorbed  by  the  film  is  the  sum  of  the  two  calculated  powers. 

This  sum  was  then  compared  with  the  dc  substitution  power  required  to 
again  balance  the  bridge. 

C.  POWER  MEASUREMENTS  WITH  THIN- FILM  BOLOMETERS 

The  most  accurate  results  were  obtained  with  a  film  mounted  trans¬ 
versely  across  the  waveguide.  The  average  error  was  less  than  1  db 
for  ail  modes  tested  (the  TEJ0,  TK0I  and  TK20  modes,  either  singly  or 
in  various  combinations).  The  disadvantage  of  the  transverse  film  is 
tiie  relatively  high  VSWR  (about  3:1)  required  for  fairly  efficient  power 
transfer  to  the  film.  *  The  rhombic  film  permits  matching  into  the  wave¬ 
guide  (better  input  VSWR)  but  was  found  to  measure  rf  power  less  accurately. 

All  measurements  that  were  taken  on  one  mode  at  a  time  with  the  aid 
of  the  dc  bridge  were  finally  sorted  out  according  to  mode  and  consoli¬ 
dated,  with  the  following  results.  The  average  error  for  the  TE,0  was 
*1.8  db*  (46  measurements).  The  average  error  for  the  TE0J  mode  was 
•1.0  db*  (16  measurements).  The  average  error  for  the  TE2Q  mode  was 
+0.5  db  (7  measurements). 


This  viIm  «i«  obtained  by  rtivlti  obtained  *uh  a  oarieiy  of  fiiaa  and  eavegaide  nonets 

at  several  frequencies. 
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The  range  of  VSWR  in  all  meaaurementa  was  typically  under  1.7  for 
rhombic  films  backed  up  by  a  matched  load;  some  films  showed  a  much 
better  VSWR  than  that.  Transverse  films  were  typically  less  than  3.2 
VSWR  with  matched  load,  although  maximum  power  is  transferred  to  the 
bolometer  at  3.0  VSWR. 

A  simplified  mathematical  analysis  of  rectangular  bolometer  films 
with  uniform  and  non-uniform  dc  and  microwave  power  absorption  patterns 
(in  all  combinations)  leads  to  the  conclusion,  1  that  rhombic  films  are 
probably  inherently  less  accurate  because  of  the  non-uniform  absorption 
patterns  for  both  dc  and  microwave  power. 
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X  CONCLUSIONS 


Considerable  progress  has  been  made  in  the  various  studies  which 
together  make  up  the  research  described  in  this  report.  As  some  compo- 
nents  reach  a  stage  where  they  can  be  passed  on  to  industry  for  pro¬ 
duction,  other  components  remain  at  the  experimental  stage  and  require 
more  research  to  turn  them  into  practical  devices.  The  waffle-iron 
filter  is  an  example  of  the  first  kind,  while  the  thin-film  bolometer 
may  be  cited  as  an  example  of  the  second  kind.  Even  as  progress  is  made 
in  the  laboratory,  other  ideas  evolve  and  new  designs  take  shape  and 
wait  their  turn  to  be  tested  experimentally.  In  parallel  with  the  work 
on  components,  anslytical  studies  yield  new  insights  and  a  better  under¬ 
standing  of  the  principles  involved. 

Work  on  the  project  has  resulted  in  a  waffle-iron  filter  with  a 
wide,  low-VSWR  pass-band  as  well  as  a  wide  stop-band  (see  Sec.  II). 

For  instance,  one  filter  had  a  pass-band  VSWH  of  better  than  1,20  over 
aisiost  the  whole  of  1-band.  (The  VSWH  is  better  than  1,10  over  a  large 
portion  of  the  band.)  The  power- handl i ng  capacity  has  been  improved. 

For  instance,  one  filter  passes  8  megawatts  of  pulse  power  at  1-band 
without  pressur i sat  ion.  The  stop-band  remains  as  good  as  for  the  earlier 
filters,  so  that,  for  instance,  one  filter  had  a  stop-band  extending  from 
the  second  to  the  tenth  harmonic  inclusive,  while  its  pass-band  VSWH  was 
better  than  1. 15  over  a  30-percent  frequency  band. 

The  coaxial  leaky-wave  filter  described  in  Sec.  Ill  was  found  to  be 
inherently  wide-band;  to  be  absorptive  rather  than  reflective  (generally 
less  than  0.1  db  reflection  loss)  in  the  stop-band;  to  have  low  VSWH  and 
low  attenuation  in  the  pass-band  (less  than  1.08  VSWH  and  less  than0.2db 
attenuation  using  the  normal  center  conductor);  and  to  provide  high  at¬ 
tenuation  per  unit  length  for  an  incident  TKM  wave  (greater  than  3.7  db/inch 
at  its  peak  value  using  the  normal  center  conductor)  and  for  an  incident 
TEn  wave  of  b  *  rr/2  polarisation*  (greater  than  4.9  db/inch  at  its  peak 
value  using  the  normal  center  conductor).  The  attenuation  of  both  the 
TEM  and  TEtl  modes  can  be  increased  without  increasing  the  filter  VSWH 


S«i  Sac.  1II-C  for  tht  definition  of  polor  isot  io*«  of  tlw  Tl^  Hod* . 
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or  derating  the  peak  power  capacity  of  the  filter,  by  using  tapered 
centfer  conductors  that  lower  the  filter  impedance. 

Under  the  specific  conditions  of  the  high-power  tests  that  were 
made,  the  filter  did  not  de-rate  the  peak  power  capacity  of  the  coaxial 
line  for  filter  impedances  of  from  50  to  20  ohms. 

The  attenuation  of  the  filter  has  a  relatively  low  rate  of  rise 
in  the  first  octave  above  cutoff  for  the  TEM  mode.  Also,  the  filter 
does  not  provide  sufficient  attenuation  for  the  TEjj  mode  of  *  0 
polarization  (typically  10  db).  If  the  coaxial  leaky-wave  filter  is 
to  be  generally  applicable  for  suppressing  spurious  energy  of  high-power 
transmitters,  these  defects  must  be  corrected.  One  simple  method  that 
removes  both  defects  simultaneously  is  to  place  two  coaxial  leaky-wave 
filters  in  tandem,  oriented  so  that  the  slot-pairs  of  one  filter  are 
rotated  90  degrees  relative  to  the  slot-pairs  of  the  other  filter.  This 
method  would  approximately  double  the  attenuation  for  TEM  waves,  while 
the  resultant  attenuation  of  TEU  waves,  for  both  0  »  0  and  n/2  polari¬ 
zations,  would  be  the  sum  of  the  attenuation  of  the  0  •  0  and  n/2 

polarizations  given  by  Fig.  II1-6. 

A  second  method  of  correcting  the  defects  of  slow  attenuation  rise 
and  insufficient  TE j x  attenuation  is  to  use  a  leaky-wave  filter  of  a 
given  cutoff  frequency  followed  in  tandem  by  a  reflection  filter  having 
a  slightly  higher  cutoff  frequency.  Because  the  leaky-wave  filter  acts 
as  a  matched  pad  in  the  stop-band,  the  reflection  filter  would  be  ef¬ 
fectively  isolated  from  the  transmitter.  In  this  method,  the  resulting 
attenuation  in  the  stop-band  would  be  approximately  the  sum  of  the 

attenuation  of  the  reflection  filter  and  leaky-wave  filters  when  acting 

individually.  In  order  for  this  method  to  be  generally  effective,  the 
reflection  filter  should  be  wide-hand,  and  should  also  be  a  multi-mode 
filter,  although  it  could  be  a  band-pass  filter  that  is  designed  to 
attenuate  a  particular  frequency  band. 

Other  methods  might  include  (1)  re-orienting  the  coupling  slots  so 
that  they  couple  to  the  II g  field  of  the  TK ^ ^  mode,  and  (2)  using  more 
sophisticated  high-pass  filters  in  place  of  the  (absorbing)  waveguides 
in  order  to  improve  the  rste  of  rise  of  attenuation  of  TEM  waves  in  the 
first  octave  above  cutoff. 

^Tkia  Mtlio4  hi  4tMMiratH  upirimiltil?  at  \m  power  levels  aatag  ike  l-S/l  t»ek  coastal  leaky-ware 
filler  as4  a  l*5/S  iach  loo  pass  caaaial  refleetioa  fillar  keviag  a  cetoff  fregeeacy  of  2.5  Ge.  wtails 
or*  fires  in  Quarterly  Progress  Report  3  oe  this  contract. 
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The  analysis  of  a  waveguide  leaky-wave  filter  structure  over  a  limited 
frequency  range  (Sec.  IV)  has  shown  how  the  normalized  attenuation  constant 
(t.e.9  the  attenuation  constant  per  unit  length  multiplied  by  the  main 
waveguide  width)  depends  on  various  design  parameters.  The  dependence  of 
the  attenuation  constant  upon  these  parameters  may  be  expected  to  follow 
the  same  general  pattern  in  waveguide  leaky-wave  filters  attenuating  in¬ 
cident  TE10-mode  energy.  For  the  case  of  incident  TEn 0  modes  (n  >  1), 
the  analysis  should  provide  useful  quantitative  design  data. 

The  results  of  the  analysis  are  summarized  in  the  following  statements 


(1)  The  peak  value  of  the  normalized  attenuation  constant  is 
approximately  directly  proportional  to  the  absorbing  wave¬ 
guide  height*  and  to  the  coupling  slot  width.  For  the 
range  of  design  parameters  investigated*  the  constant  of 
proportionality  varied  only  slightly. 

(2)  The  frequency  sensitivity  of  the  normalized  attenuation 
constant  increases  with  increasing  height  of  the  absorbing 
wavegui de . 

(3)  For  a  given  slot  width*  the  periodic  T-junction  is  the 
least  frequency-sensitive  filter  configuration. 

(4)  The  normalized  attenuation  constant  is  approximately  in¬ 
versely  proportional  to  the  main  waveguide  height.  For 

the  range  of  design  parameters  investigated*  the  "constant" 
of  proportionality  was  found  to  vary  up  to  approximately 
30  percent. 

(5)  The  attenuation  per  unit  length  is  very  insensitive  to 
small  changes  in  the  slot  period.  Thus,  increasing  the 
number  of  slots  per  unit  length  is  not  an  effective  method 
of  increasing  the  attenuation  of  the  filter.  However* 
there  is  a  tendency  to  increase  the  attenuation  per  unit 
length  very  slightly  for  smaller  slot  periods. 


Leaky-wave  filters  absorb  unwanted  power  while  waffle-iron  filters 
reflect  it.  Reflection  filters  may  cause  harmonic  resonances  and  arcing 
in  the  presence  of  other  mismatches,  their  attenuation  may  be  reduced 
at  the  same  time,  and  damage  mav  even  result  to  the  transmitter.  To 
avoid  this,  a  harmonic  pad  should  be  inserted,  A  novel  approach  that 
has  been  explored  with  some  success  (Sec.  V)  is  to  use  0-db  (st  the 
fundamental  frequency)  directional  couplers.  (lommernal  short-slot 
sidewall  couplers  have  been  tested  in  the  TF.  )0,  TKft)t  and  TKj0  modes, 
and  offer  a  relatively  inexpensive  and  effective  solution. 


9S 


A  new  “ exact "  design  technique  for  band-stop  filters  was  adapted 
for  the  design  of  a  filter  that  ia  very  wel 1 -matched  in  ita  paaa-band 
and  that  highly  attenuatea  apecific  harmonica  of  the  pasa-band  center 
frequency.  A  harmonic  suppression  filter  was  constructed  using  strip¬ 
line  techniques,  and  it  was  found  to  bear  out  the  theory  (Sec.  VI). 

The  dissipation  loss  in  the  pass-band  of  a  filter  is  proportional 
to  the  group  delay  through  the  filter.  Useful  formulas  have  been  derived, 
and  “universal  curves'*  were  plotted,  which  should  prove  useful  to  the  de¬ 
signer  interested  in  time  delay  or  dissipation  loss,  and  will  also  help 
in  estimating  power-handling  capacity  (Sec.  VIII). 

At  microwave  frequencies,  the  method  of  suppressing  pul ae- spect rum 
side-lobe  energy  by  means  of  narrow-band  filters  appears  to  be  limited 
to  very  short  pulses.  This  limitation  results  from  the  very  narrow 
bandwidths,  and  thus  the  very  high  resonators  Q's,  that  would  be  required 
for  pulses  of  moderate  length. 

Study  of  the  transmission  of  pulses  through  narrow-band  filters  in¬ 
dicates  that  transient-response  characteristics  do  not  provide  a  criterion 
for  generally  recommending  any  one  filter  type  over  others.  The  small 
differences  between  the  filters,  however,  may  make  some  filter  types  more 
suitable  than  others  for  specific  applications.  The  transient  responses 
of  the  equa 1 -el emen t ,  the  0. 1-db  equa l • r i pp 1 e ,  and  the  maximally  flat 
filters  to  a  rectangular  input  pulse  are  characterized  by  each  having 
about  the  same  overshoot,  rise  time,  and  delay  time.  On  the  other  hand, 
the  transient  response  of  the  maximally  flat  time-delay  filter  to  a 
rectangular  pulse  has  essentially  no  overshoot,  hut  has  somewhat  slower 
rise  time,  and  transmits  less  of  the  total  available  energy.  For  a  sine- 
squared  input  pulse,  none  of  the  filters  considered  here  have  ringing 
at  the  peak  of  the  output  pulse.  The  equa 1  - e 1 ement ,  the  0,1-db  equal- 
ripple,  and  the  maximally  flat  filters  do  have  ringing  at  the  trailing 
edge  of  the  pulse  when  the  filter  bandwidth  ia  about  the  same  as  the 
width  of  the  main  lobe  in  the  spectrum  of  the  input  sine-squared  pulse. 
Under  these  same  conditions,  the  maximally  flat  time-delay  filter  has 
essentially  no  ringing,  but  has  a  lower  peak  output  amplitude. 

Dissipation  of  energy  within  the  filter  has  very  little  effect  on 
the  over-all  shape  of  the  output  pulse  for  either  rectangular  or  sine- 
squared  input  pulses.  (These  conclusions  apply  at  least  for  the  cases 
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where  all  resonators  have  equal  unloaded  Q* s,  and  for  dissipation  loss 
sufficient  to  increase  the  mid-band  transducer  loss  by  3  db ,  which  were 
the  situations  investigated  here.)  Dissipation  loss  does,  however,  tend 
to  reduce  overshoot  and  undershoot,  and  to  damp  the  ringing  whenever 
these  features  are  present  in  the  output  pulse. 

If  retention  of  the  shape  of  a  rectangular  pulse  is  desired,  the 
filter  bandwidth  must  be  several  times  the  width  of  the  main  lobe  of 
the  input  pulse  spectrum,  regardless  of  the  type  of  filter  used.  Good 
retention  of  the  shape  of  a  sine-squared  pulse  is  possible,  however, 
with  filter  bandwidths  only  slightly  greater  than  the  width  of  the  main 
lobe  of  the  input  pulse  spectrum. 

Microwave  power  measurements  were  made  on  thin-film  bolometers  over 
a  very  broad  frequency  range  using  several  modes  singly  and  in  combina¬ 
tions  (Sec.  IX).  The  results  of  these  measurements  indicate  that  such 
bolometers  are  or  can  be  made  to  be  simple  power-measuring  devices  that 
do  not  discriminate  against  any  mode  or  frequency  traveling  in  the 
waveguide . 


Many  individual!  contributed  their  ideaa  and  technical  skill  to 
this  project.  Dr.  G.  L.  Matthaei  discussed  the  work  frequently  snd 
provided  many  helpful  ideas.  Mr.  M.  Di  Domenico  assisted  greatly  with 
the  early  work  on  the  new  waffle-iron  filters.  Mr.  B.  B.  Larrick  and 
Mr.  P.  B.  Reznek  made  most  of  the  experimental  measurements,  and  helped 
considerably  in  the  design  of  the  thin-film  bolometer. 


Mr.  P.  H.  Omlor ,  Mrs.  Suzanne  B.  Philp,  Mr.  Vahe  Sagherian  and 
Mr.  Leonard  Leving  all  helped  in  programming  computations  on  the 
Burroughs  Datatron  220.  Mr.  Jack  Jennings  supplied  most  of  the  evapo¬ 
rated  metal  films  for  use  in  the  microwave  bolometer. 


The  high-power  tests  were  made  at  the  Ei tel -McCul lough  plant  in 
San  Carlos,  with  the  continued  cooperation  of  Dr.  George  Caryotakis. 


SUBCONTRACT  TO  EITBL  McOLLOUGB 


In  addition  to  the  research  at  Stanford  Research  Institute,  work 
was  carried  out  at  Citel  McCullough  in  San  Carlos,  California,  on  a 
subcontract  to  SRI,  to  investigate  techniques  for  the  suppression  of 
the  spurious  emission  within  high-powered  tubes.  These  investigations 
are  described  in  four  technical  reports  by  Eitel  McCullough. 

The  project  leader  at  Eitel  McCullough  is  Mr.  Donald  H.  Preiat. 


1«1 


APPENDIX 

CONTENTS  OF  POUR  QUARTERLY  PROGRESS  REPORTS 


1*3 


APPENDIX 


CONTENTS  OF  FOUR  QUARTERLY  PROGRESS  REPORTS 

QUARTERLY  PROGRESS  REPORT  l  (July  1962) 

I  Introduction 

II  Waffle-Iron  Filter  with  Wide  Pass  Band  As  Well  As  Wide  Stop  Band 

III  Group-Delay  and  Dissipation-Loss  Characteristics  of  Maximally 
Flat,  Tchebysche f f ,  Maximally  Flat  Time  Delay,  and  Periodic 
Fi  Iters 

IV  Conclusions 

QUARTERLY  PROGRESS  REPORT  2  (October  1962) 

I  Introduction 

II  Transient  Response  of  Filters  to  Rectangular  Pulses 
III  Waffle-Iron  Filters 
IV  Coaxial  Band-Stop  Filters 
V  Conclusions 

Appendix  A  Derivation  of  the  Fourier  Integral  for  the  Calculation 
of  the  Transient  Response  of  a  Network  to  a  Unit 
Rectangular  Pulse  of  Length  T 

Appendix  R  Technique  for  Calculating  Transient  Response  of  Filters 
Whose  Pole  Locations  Are  Known 

QUARTERLY  PROGRESS  REPORT  3  (January  1963) 


I 

Int  roduc t ion 

II 

Analytical  Solution 

to  a  Waveguide 

Leaky-Wave  Filter  Structure 

III 

Coaxial  Leaky-Wave 

Filter 

IV 

Waveguide  0-db  and 

3-db  Directional 

Couplers  as  Harmonic  Pads 

V 

Band-Stop  Filters 

VI 

Cone lusions 

Appendix  Method  for  Solving  the  Transverse  Resonance  Equation, 
Eq.  (11-22),  on  the  First  Riemann  Sheet 


195 


QUARTERLY  PROGRESS  REPORT  4  (June  1963) 


I 

Introduction 

II 

A  Modified  Waffle-Iron 

Fi 1  ter 

(II 

A  Wide-Band  Quarter-Wav 

e  Trans 

fo 

rmer 

IV 

Transient  Response  of  Filters 

to 

Sine 

-Squared  Pulses 

V 

Reflection  of  TE20  Mode 

by  Sid 

ewall  0 

-db  Coupler 

VI 

Thin  Film  Bolometer 

VII 

Attenuation  Characteris 

tics  of 

P 

er  i  od 

ic  Filters 

VIII 

Cone  1  us i ons 

106 


STANFORD 

RESEARCH 

INSTITUTE 


MENLO  PARK 
CALIFORNIA 


Regional  Offices  and  Laboratories 


Southern  California  Laboratories 

820  Mission  Street 
South  Pasadena,  California 

Washington  Office 

808-1 7th  Street,  N.W. 

Washington  6,  D.C. 

New  York  Office 

270  Park  Avenue,  Room  1770 
New  York  17,  New  York 

Detroit  Office 

1025  East  Maple  Road 
Birmingham,  Michigan 

European  Office 
Pelikanstrasse  37 
Zurich  1,  Switzerland 


Japan  Office 

911  lino  Building 

22  2-chome,  Uchisaiwakho,  Chiyoda-ku 
Tokyo,  Japan 


Representatives 


Milan,  Italy 

Via  Macedonio  Melloni,  49 
Milano,  Italy 


